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5) INTRODUCTION
We originally hypothesized that components of DNA-related checkpoint pathways in addition to

Mfiembers of the ATM protein/lipid kinase family are conserved in all eukaryotes. This was based on
functional similarities in the pathways and the conservation between the evolutionarily disparate budding
and fission yeasts [1]. Our goal was to identify additional regulators of mammalian DNA checkpoints by
virtue of structural and functional homology with known checkpoint genes in budding yeast. We had
proposed to use both structural and functional screens to identify human homologs of yeast damage
checkpoint proteins Rad53 and Rad9. Once identified, such components would be ordered into pathways
for mammalian checkpoint function, with emphasis on p53 regulation, cell cycle regulation, and
complementation of ATM defects. Experimental work over the past few years has completely confirmed
this hypothesis, and led to major advances in understanding mammalian checkpoint systems. Our work was
to identify a hypothetical mammalian homolog of Rad53 (Technical Objectives 1,2,3), and, when the
homolog Chk2 was identified, to elucidate regulation of mammalian Rad53 (Chk2/Cds I), and regulation of
its targets (Technical Objective 4).
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(6) BODY
Year 1.

I.Technical Objective 1. The overall objective of Objective 1 was to use protein-based screens in order to
identify mammalian homologs of yeast Rad53 and Rad9. In order to do this, the relevant protein interaction
domains were to be used as baits in protein interaction screens for novel mammalian partners.

A.Tools for mapping interaction of Mecl with Rad53 and Rad9. The first strategy was to
identify a domain of (yeast) Mec that is responsible for interaction with Rad53 and/or Rad9, and then to
use the homologous domain from (mammalian) Atm to identify dimerization partners. Since this aim first
required that we express functional Mecl in order to map interactions with Rad53, we endeavored to
express this large gene in yeast and in mammalian cells. A MEC1 gene was cloned from yeast by
recombinational rescue, and moved into vectors for expression in mammalian cells, bacteria, and budding
yeast. Efforts to express the polypeptide (marked with a V5 epitope tag) through transient transfection
into COS-7 cells have thus far been unsuccessful. This is not completely surprising, since there is likely to
be functional conservation of Mecl and Atm, and Atm has proven to be difficult to express in mammalian
cells. This is probably because it is a checkpoint gene, and has growth inhibitory properties.

We successfully produced a portion of Mecl (encompassing the putative kinase domain) as a
Glutathione-S-Transferase (GST-) fusion protein in bacteria. This polypeptide is easily purified, and will
be used along with other Mecl deletion mutants expressed in bacteria for pull-down experiments to map
the sites of interaction with Rad53 and Rad9, and as a source for immunogen for antibody production. As
an alternative approach, we have produced yeast expression vectors for expression of V5-tagged MEC 1,
and these are now under control of both GAL]- driven, and endogenous promoter- driven constructs. The
former has been tested for the ability to complement mecl mutations, thus confirming the functionality of

the clone. V5-expressed Mecl is associated with protein kinase activity detectable in immune complexes.
Finally, we introduced Mec 1 into a two-hybrids screening vector, so that we can use two-hybrids screening
to map interacting domains of Mec with Rad9 and Rad53.

B.Identification of Rad9/Rad53 interaction domain. This work contributed to the publication [3]
enclosed in the Appendix. Using a similar logic, we endeavored to localize the domain on Rad9 that interacts
with Rad53. We have already demonstrated that this interaction is a prototype for interactions of the FHA
(forkhead-associated) protein homology domain with phospho-peptides By mapping the interaction
domain with Rad9, we identified a candidate FHA target site.
The domain of Rad9 that binds to Rad53 contains a target site for Atm family protein kinases that is
required for interaction with Rad53. Identification of the domain of Rad9 that interacts with Rad53 FHA2 is
important for understanding this regulatory system. As a first step, we used the two-hybrids assay to
localize a minimal Rad53-interacting domain (Rad9-MID). The smallest deletion mutant tested that has full

binding activity contains Rad9 amino acids 542-620. Since the working hypothesis is that Rad53 FHA2
directly recognizes phospho-Rad9, and that the Rad9 kinase is Mecl, we examined the Rad9-MID for
sequences characteristic of Atm family protein kinase phosphorylation sites. DNA PK preferentially
phosphorylates SQ/TQ sequences, especially in an acidic environment [2, 3] The Atm sequence specificity
seems similar, since two apparent in vivo targets for Atm, p53 and Abl, are both phosphorylated on sites
that fit these criteria. This suggests that Medl would also share this target specificity. Overall, Rad9
contains 9 SQ or TQ sites, of which only one is contained within the Rad9-MID. Remarkably, this site is

embedded within an acidic peptide and is nearly identical to a site on p53 phosphorylated by Atm (LSQE
versus LTQE for Rad9) [4, 5] .

A site-directed mutation of the Rad9-MID replacing Rad9 T603 with A almost competely inhibited
interaction in the 2 hybrids assay, even though the level of expression of the fusion protein was similar to
its non-mutated counterpart . We next determined whether the Rad9-MID is a substrate for DNA PK.
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GST-Rad9-MID was expressed in bacteria, purified on glutathione-agarose, cleaved from the GST tag with

thrombin, and incubated with DNA PK. DNA PK phosphorylated RAD9-MID well, but failed to
phosphorylate the same protein with the T603 to A substitution, despite the presence of 14 other serine

and threonine residues on the same peptide. Hence these data show that T603 is required for interaction of
RAD9 with Rad53, and that it is an in vitro target for a protein kinase related to Mecd.

II.Technical Objective 3. Screening based upon protein sequence homology.
We proposed to use a nested PCR strategy to identify mammalian homolog(s) of the checkpoint

protein kinase Rad53. This gene, and its homologs in fission yeast and Drosophila melanogaster ,are
characterized by the linkage of an FHA domain to a protein kinase domain. Briefly, the approach was to
produce a pool of cDNAs by PCR amplification of a Jurkat cell cDNA library using a degenerate upstream
primer that would recognize FHA domains, and a degenerate downstream primer that would recognize
protein kinase domains. The pool was then enriched for PCR products that fall within the expected 500-
1200 b.p. size range, and cloned into Bluescript SKII+. Plasmids with the appropriate-sized inserts were
identified, and representative members were analyzed by nucleotide sequence and DNA database searches.

The detailed procedure and results are shown on the following page. Thus far, only a single protein

kinase gene, CHK1 has been identified. This result is intriguing, because mammalian CHK1 had already been
identified on the basis of homology to RAD53. However, with the clones that have been sequenced to date, it
appears that priming by the degenerate FHA domain primers was non-specific. This is not a complete
surprise, since the degeneracy of FHA domains and the punctate nature of conserved areas has made
designing primers a major challenge. (However, the primers chosen did correctly amplify RAD53 in control
experiments).
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Summary of PCR Screen for FHA Protein Kinase
Step Goal

1 primer design design degenerate FHA and Kinase domain primers
2 reaction optimization determine anneal temps for the all reactions

optimize reaction to reduce background

test against specific and nonspecific/dummy DNA
3 prepare initial template amplify (liquid stock) lambda gtl 1 library

(resting Jurkat library from S. Weissman)

prepare clean DNA from phage
4 Reaction 1 amplify kinase domain-containing sequences
5 purify DNA remove extra primers, primer dimers

6 Reaction 2 amplify kinase domain-containing sequences that also contain an upstream FHA
domain

DKD

FHA 1 2 3

lA B C

2D E F
3 H I

7 size select DNA via agarose gel enrich for inserts of expected size

selected -500-1200 bp range
8 clone inserts clone PCR products into EcoRV cut, CIP'd pBluescriptSKII+
9 size inserts of transformants identify non-vector-only transformants by uncut size (by comparison)

by uncut size PCR insert (via T3/T7) to size
by insert PCR select 2 of each pool for sequencing based on expected and observed size

Results major detected homology

A vector
B CHK1

C APEX
D appears identical to C2, but in opposite orientation

E TRIP2
F unknown

G identical to El
H snurportin 1
I CHK1
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IIi. Technical Objective 3A. Identification of authentic mammalian Rad53/Cdsl
Another approach that we had proposed to use (Technical Objective 3A) was to further characterize

ESTs related to RAD53 by sequencing homologous cDNAs. In the course of this work, other research
groups used this strategy to identify a mammalian homolog to the RAD53-related yeast protein kinase
DUN]. This gene is denoted Chk2 or hCdsl [5-7]. Like Rad53, it is regulated by DNA damage and by
replication inhibition, and its regulation requires the upstream PIKK homologs of Mecl, ATR or
ATM.Chk2 is a genuine Rad53 homolog.

Year 2.
Mechanisms of Chk2 activation in response to DNA damage.

In S. cerevisiae, MEC] and TELl are functionally and structurally related to the human tumor
suppressor ATM. MEC1 and RAD53, two essential genes, play a central role in DNA damage checkpoints
at all cell cycle stages. Our lab showed that Rad9 is a regulator coupling DNA damage to signaling through
Mecl to activate Rad53 and Chkl in GI and G2 checkpoints but not in the S-phase checkpoint [4, 8].
Phosphorylation of both Rad53 and Rad9 in response to DNA damage is MECJ-dependent. Similarly, in
mammals, activation of Chk2 requires Atm and/or Atr, the orthologs of Mecl and Tell. Double-stranded
DNA breaks activate Atm, which in turn phosphorylates Chk2 at multiple sites, including T68.
Substitution of T68 with other amino acids impairs activation of Chk2 [7, 9-11].

I.Cell-free activation of Chk2. A manuscript describing this work has been published, and is

supplied in the Appendix [12].
Although it is clear that Atm or Atr are required for DNA damage-dependent activation of Chk2, it

has not been possible to activate Chk2 or its yeast homologs by phosphorylation with either of these two
enzymes or their yeast equivalents. A fortuitous observation in our laboratory has now paved the way for
cell-free activation of Chk2 in a mammalian system. We found that Chk2 produced by coupled
transcription/translation in a reticulocyte lysate system was phosphorylated. Phosphorylation of rabbit
reticulocyte Chk2 occurs even with kinase-defective Chk2, meaning that transphosphorylation occurs in
this cell-free system. Based upon caffeine and wortmannin sensitivity patterns, it appears that rabbit Atm
is required for phosphorylation of Chk2 produced in vitro [12].

In contrast to Chk2 produced by translation in reticulocyte lysates, Chk2 produced by translation
in a wheat germ system was not hyperphosphorylated. Importantly, this lack of phosphorylation
correlated with weak in vitro kinase activity. However, incubation of wheat germ-produced Chk2 with
reticulocyte lysate enabled Chk2 phosphorylation and catalytic activation. To our knowledge, this is the
first mammalian cell-free system to enable catalytic activation of Chk2. Further work with this in vitro
activation system will make it possible for us to determine the minimal components necessary for
activation of this protein.

II.Chk2 regulation by oligomerization [121.
Earlier unpublished work in our laboratory had shown that the yeast Chk2 homolog Rad53 can

interact with itself in two hybrids screens. This suggested that Chk2 oligomerization may be an important
mechanism for Chk2 activation. To determine if this is the case, we measured oligomerization of Chk2 using
a variety of in vivo and in vitro assays. For example, FLAG-tagged and HA-tagged Chk2 were

coimmunoprecipitated when expressed in 293 cells. Importantly, the association was enhanced by DNA
damage, suggesting that it is functionally relevant for the DNA damage response.

Chk2 has a N-terminal SQ/TQ cluster followed by a FHA (forkhead-associated) domain, and a C-
terminal kinase domain. It differs from yeast Rad53 in that the latter (uniquely among FHA-containing
protein kinases) has a second FHA domain. The Chk2 SQ/TQ cluster contains seven potential
Final Report DAMD17-98-1-8272



phosphorylation sites for Atm. Threonine 68 is one major Atm phosphorylation site in response to

ionizing irradiation. Earlier work in our lab showed that FHA domain-containing proteins mediate

interactions with phosphoproteins through FHA domains, based on the phospho-Rad9/Rad53 interaction.

Since we had determined that DNA damage induces association of Chk2 in a complex containing

other Chk2 molecules, we wondered whether interactions between Chk2 FHA domains and phospho-

SQ/TQ clusters were involved. We found that for in vivo co-immunoprecipitation experiments, at least one

molecule must have an FHA domain, and the other molecule must have the SQ/TQ cluster. GST-tagged

Chk2 FHA domain will pull down Chk2 from DNA damaged cells, also suggesting that DNA damage-

dependent phosphorylation of Chk2 promotes Chk2 oligomerization. Although these data do not preclude

indirect interaction of Chk2 molecules within larger checkpoint complexes, we found that bacterially

expressed forms of Chk2 will interact. When WT Chk2 is produced at high concentrations in bacteria, it

undergoes partial autophosphorylation, including phosphorylation at the trans site T68 favored by Atm.

Bacterially-produced GST-FHA domain will pull this protein down, demonstrating that homotypic

interaction can occur between the Chk2 FHA domain and autophosphorylated Chk2 in the absence of other

eukaryotic proteins. Finally, interactions between bacterially expressed kinase defective Chk2 (non-

phosphorylated) and a His-Flag-tagged WT Chk2 (autophosphorylated) were abolished by pretreatment

with lambda phosphatase. Hence, these homotypic interactions are indeed phosphorylation-dependent.
An important function of Chk2 oligomerization may be that it enables cross-phosphorylation of

Ch2k molecules, leading, in turn, to full activation of Chk2. We found, using in vitro kinase assays

containing bacterially produced kinase-defective GST-Chk2 and WT His-FLAG-Chk2, that

transphosphorylation of the kinase-defective molecule could occur, including phosphorylation at T68.

In summary, we have shown that DNA damage can induce oligomerization of Chk2 in vivo, and that

such complexes require both Chk2 FHA domains and phosphorylated Chk2 SQ/TQ clusters. The

interactions are phosphorylation-dependent, and can be enabled by Chk2 autophosphorylation at T68, a

major trans-regulatory target for Atm. We conclude that Atm-dependent phosphorylation of Chk2 may be

a priming event that permits further autophosphorylation and dimerization of Chk2. Once activated, Chk2

may be able to activate other quiescent Chk2 molecules by transphosphorylation at T68, even in the

absence of functional Atm. These phospho-Chk2 molecules may also assemble into oligomers, in large

signaling complexes [12].
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III.Proteins targeted for phosphorylation by Chk2.
Known effector substrates for Chk2 include Cdc25A, Cdc25C, and p5 3 [7, 13, 14]. The latter two

proteins are also targeted by the structurally distant kinase Chkl, which operates in parallel to Chk2 in
many organisms. A major goal is to identify new substrates for Chk2, some of which may turn out to be

Chk2-specific. In order to begin this work, we produced a number of reagents:
* -GST-Chk2 and GST-Chk2 D368A (kinase-inactive) proteins. They have been examined by in vitro

kinase assays for their activities. GST-Chk2 can autophosphorylate by incorporation of 32P y-ATP,

while GST-Chk2D368A cannot.

* HA-Chk2 and HA-Chk2 D368A (kinase-inactive) plasmids which have been used for transient
transfections and for stable transfection of HT-1080 cells (with mutated p53). Chk2 proteins

immunoprecipitated from those cells were used for in vitro kinase assays for autophosphorylation to

examine the kinase-inactive mutant (successfully) and for trans-phosphorylation of p53 and RPA -

unsuccessfully so far.
* Preparation of ct-GST-Chk2 polyclonal rabbit antibodies. Those antibodies both immunoprecipitate

and immunoblot Chk2.
* Phosphospecific antibody for P-T68 in Chk2. 16 AA oligopeptide that resembles a region around

phosphorylated T68 in Chk2 has been cross-linked to KLH protein and used for immunization of two
rabbits. We have verified that the antiserum produced recognizes Chk2 protein only when it is

phosphorylated on T68 (active form). This phosphorylation is probably mediated in vivo by Atm, and
Atr.

Year 3.
I.Chk2 and RPA

One of the groups of potential Chk2 substrates is a subset of proteins that undergo ATM-

dependent phosphorylation after exposure of cells to IR. One of those proteins is the middle subunit of

replication protein A (Rpa2). Human RPA2 is also heavily phosphorylated in response to DNA damage.
Unpublished work from our laboratory had suggested the possibility that the DNA replication factor
RPA2 in yeast is a substrate for Rad53. Hence, we determined if RPA and Chk2 can interact. We found

that a small population[15] of RPA2 co-immunoprecipitates with HA-Chk2 by IP with a-Chk2 and cc-HA

antibodies.

We have performed a kinase assay with GST-Chk2 and Rpa, generously provided by Bruce

Stillman's laboratory. We found that GST-Chk2 phosphorylates Rpal and Rpa2, but GST-Chk2-KD does

not. We investigated by co-immunoprecipitation if Rpa and Chk2 can interact. We have found that a small

subpopulation of RPA2 co-immunoprecipitates with HA-Chk2 by IP with anti-Chk2 and anti-HA
antibodies.

To determine if Rpa2 phosphorylation after DNA damage is Chk2-dependent we performed several

experiments. Treatment of HT-1080 cells with 1 mM camptothecin (CPT), a topoisomerase I inhibitor, for
1 hour causes Rpa2 hyperphosphorylation, which can be prevented by 15min pre-treatment of cells with

5mM a protein kinase inhibitor UCN-01 (7-hydroxystaurosporine). The concentration of UCN-01that

prevents Rpa2 phosphorylation is quite different from the one that inhibits Chkl (IC50=15nM). Also, we

have found that treatment of HT-1080 cells with 1mM CPT causes gel mobility shift of Chk2, which can be

diminishes by pre-treatment of cells with 1-5mM UCN-01.
Experiments with pre-treatment of HT-1080 cells, stably transfected with pcDNA3-HA-Chk2, with

different concentrations of UCN-01 showed that dose/ response curves of Rpa2 and Chk2 phosphorylation
in response to treatment with 1mM CPT are similar. To determine if the Rpa2 and Chk2 phosphorylation

are ATM-dependent, we transiently transfected AT cells with pcDNA3-HA-Chk2 and treated those cells
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with CPT. Chk2 and RPA2 proteins were shifted, so we concluded that those responses are ATM-

independent. Other possible candidate kinases are Atr and DNA-PK, which we can distinguish by treatment
ot AT cells with different concentration of protein kinase inhibitors caffeine and wortmannin. We pre-
treated AT cells, transiently transfected with HA-Chk2 plasmid, with 10m wortmannin or 3mM caffeine for

20 min, and treated later with lmM CPT. Chk2 and Rpa2 phosphorylation was caffeine-sensitive and
wortmannin-insensitive, so most probably this pathway goes through Atr rather than DNA-PK.

To determine if Rpa2 phosphorylation is Chk2-dependent we treated HT-1080 cells, stably

transfected with HA-Chk2 and HA-Chk2D368A (KD-dominant negative mutant), with CPT and then
measured Rpa2 hyperphosphorylation (mobility shift in the gel) by immunoblotting. We did not detect a
decrease of Rpa2 hyperphosphorylation in cells stably transfected with dominant-negative Chk2 mutant.

In summary, we have found that Chk2 can phosphorylate the large and middle subunits of Rpa in
vitro. Also, we have observed a physical interaction between Chk2 and Rpa2 by co-immunoprecipitation.

The data associating phosphorylation of Chk2 and Rpa2 after treatment with CPT are correlative only and it

will be necessary to establish a better system to verify the Chk2-dependence of Rpa2 phosphorylation.

II. Chk2 and Nibrin.
We have observed that Chk2 functionally interacts with the Nibrin-Rad50-Mre 11 complex:

1) Chk2 coimmunoprecipitates with nibrin in 293 cells and HT1080 cells. We generated a series of
deletion mutants of Chk2 and nibrin. These mutants will be used to identify the domains
responsible for this interaction. We also generated GST fusion proteins with overlapping fragments

of nibrin. These GST proteins will be used in kinase assays to determine if Chk2 is upstream of

nibrin.
2) Chk2 coimmunoprecipitates with Rad50, but not Mre 11.
3) Restoration of expression of nibrin in the nibrin-deficient cell line (GM07166) results in Chk2

hyperphosphorylation in response to ionizing irrdiation. Basal levels of phosphorylation of Chk2

are seen in GM07166, but not in GM07166 transfected with NBS1 cDNA and irradiated. We have
generated point mutants knocking out all the potential phosphorylation sites within the SQ/TQ
cluster of Chk2, and add-back mutants retaining one potential phosphorylation site within the

SQ/TQ cluster of Chk2. These mutants will help identify the phosphorylation sites in Chk2, which
are nibrin-dependent, in response to DNA damage.

III. Chk2/Nibrin complexes.
We also observed that Chk2 forms a large protein complex:

1) Chk2 forms an oligomer, since HA tagged Chk2 coimmunoprecipitates FLAG-tagged Chk2 in 293
cells. This is consistent with our earlier work on Rad53, since a two-hybrid screen with Rad53 as
bait pulled out Rad53

2) Our preliminary gel filtration experiments indicate that the Chk2-containing complex is in the range
of 500 - 700 kDa. Chk2 co-fractionates with nibrin, Rad50, and Brcal. We are in the process of

purifying this Chk2-containing complex.
Our observations indicate three possible models of the functional relationships between Chk2 and the

nibrin-Rad50-Mrel 1 complex:
1) the nibrin-Rad50-Mrel 1 complex is upstream of Chk2 and regulates Chk2 activation in checkpoint

controls
2) Chk2 is upstream of the nibrin-Rad50-Mrel 1 complex and regulates DNA repair
3) Chk2 may be essential for both checkpoint controls and DNA repair.
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Two groups have now demonstrated that Nbsl is required for fully Chk2 activation in response to

DNA damage [15]. Nevertheless, our observation that Chk2 interacts with and phosphorylates Nbsl in

vitro indicates that Chk2 may regulate Nbs 1 function as well.

Year 4 (no-cost extension).
I.Chk2 and Plk.
In attempt to identify new Chk2 interacting proteins we exploited the homology between yeast and

mammalian DNA damage pathways. From genetic studies in yeast DNA damage checkpoint pathway it is

known that RAD53 genetically interacts with CDC5, a gene for Polo-like kinase [16]. After DNA damage

Cdc5 is phosphorylated in Rad53-dependent manner. On the other hand CDC5 turns-off Rad53 in a process

of adaptation to unrepairable DNA damage [17]. The human homolog of CDC5 Polo-like kinase 1 is a

multifunctional mitotic protein kinase involved in many mitotic events, including centrosome maturation and

formation of the mitotic spindle. Also, Plkl is a target of DNA damage checkpoint and it is inhibited after

DNA damage in ATM-dependent manner [ 18-21 ]..
We examined by immunoprecipitation whether Chk2 and Plkl interact. Extracts from 293-T cells,

transiently transfected with plasmids for HA-tagged Chk2 and Flag-tagged Plkl, were IP with HA and Flag

antibodies. Immunoblot analysis of the immunoprecipitates showed that HA-Chk2 and Flag-Plkl physically

interact. To confirm this interaction we immunoprecipitatied Chk2 from whole cell extract from 293 cells

and detected Plkl in Chk2 immunoprecipitates by immunoblotting.
To further characterize the interaction between Chk2 and Plkl, we created plasmids expressing

deletion mutants of HA-Chk2 and Flag-Plkl. Mutant HA-Chk2 and Flag-Plkl proteins were expressed in

293-T cells and co-IP with HA and Flag antibodies were performed. The data from immunoblot analysis of

immunoprecipitates showed some modulation of Chk2/Plkl interaction, although we could not identify a

single domain in the proteins critically important for their physical interaction. This fact could be explained

by a multiplicity of contacts within the Chk2/Plkl complex.

To investigate further the interaction between Chk2 and Plkl, we tested if they co-localize in the

cell. Plkl is expressed in S, G2 and M phases of cell cycle and its activity peaks in M phase. Plkl is

associated with the kinetochores of condensed chromosomes, the centrosome in prophase and metaphase,

and the midbody, later in mitosis. From the work of others it was known that Chk2 is localized mainly in

the nucleus. Phosphorylation of Chk2 at several SQ/TQ sites in its N-terminal part is required for Chk2

activation after DNA damage. ATM prefers one of this sites-Thr68 which phosphorylation is required for

Chk2 DNA damage-dependent activation [22, 23]. To track the location of active Chk2 we raised and

affinity purified a phospho-specific antibody, raised against phosphopeptide resembling the region around

phosphoThr68, that recognized Chk2 only when it is phosphorylated at Thr68. The specificity of the

antibody was examined by immunoblot analysis. PT68-Chk2 recognized endogenous Chk2 and transiently

expressed HA-Chk2 from 293-T cells irradiated with IR but not from mock-irradiated cells. The antibody

did not recognize transiently expressed mutant HA-Chk2T68A neither from irradiated nor from non-

irradiated cells.
At the sites of DNA damage, Chk2 is phosphorylated at Thr68 and formed immunoreactive foci. To

test if our antibody can detect these foci we immunostained 293-T, WI-38, HT-1080 and GM5849C cells

irradiated with 0 Gy or 4 Gy gamma radiation. We observed foci formation following exposure to ionizing

radiation in 293-T, WI-38 and HT-1080 cells but not in GM5849C cells, an AT cell line.
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(7) KEY RESEARCH ACCOMPLISHMENTS.
Major accomplishments include production of key reagents for work on Chk2 and other human checkpoint
proteins, surveys of possible Chk2 interactors and substrates including Nibrin, RPA, PLK, and
KIAA1070, partial elucidation of phospho-Rad9/Rad53 interactions, and proposal of a new model for
activation of Chk2 by DNA damage. Technical achievements include:
* Expression of functional Mec 1, and identification of associated protein kinase activity.
* Identification of a domain on Rad9 that is required for interaction with Rad53 [3]
* Identification of a putative phosphorylation target site for Atm family members that is likely to be
the target for the Rad53 FHA domain [3]
• Completion of first round screens for FHA-containing protein kinase genes
* Development of antibodies and epitope-tagged clones for analysis of Chk2, and Brct domain

containing proteins Brcal, Nibrin, 53BP 1, and KIAA0170. These antibodies include a phospho-specific
antibody that exclusively recognizes active Chk2.

* Investigation of requirements for Atm, Nibrin, and Brcal in regulation of Chk2.
• Evaluation of Chk2 association with Brcal, Nibrin, 53BP1, KIAA0170, Rad50.
• Production of deletion and other mutants of Nibrin for investigating Nibrin interactions with Chk2.
* Production of cell lines expressing wildtype Chk2 and a number of phosphorylation site and other

mutants.
* Investigation of RPA as a new Chk2 substrate.
• Preparation of molecular clones to be used for recombinational inactivation of human CHK2 in

somatic cells.
* Our work lends further credence, but not proof, to the hypothesis that RPA is a substrate for Chk2
in vivo.
0 Our work has identified a novel ability of Chk2 to phosphorylate itself at T68, and to form dimers
as a result of this autophosphorylation. On this basis, we have proposed a novel model for Chk2
activation [12]
* We have developed the first mammalian cell-free system to enable catalytic activation of Chk2. This
system will enable us to identify factors required for Chk2 activation [15].

Connection with Approved Technical Objectives.
Technical Objective 1. Protein-interaction screens for mammalian Rad53 and Rad9 homologs.
partly completed- obviated with cloning of Chk2 in year 1
Technical Objective 2. Cloning of mammalian DNA checkpoint genes by complementation of defects in
yeast.
obviated with cloning of Chk2
Technical Objective 3. Screening based upon protein sequence homology.
partly completed, obviated with cloning of Chk2
Technical Objective 4. Characterization of genes in mammalian cells.
substantial progress as detailed above

(8) REPORTABLE OUTCOMES.
Work funded by this grant was presented in poster form at the USAMRMC ERA of HOPE Meeting

held in Atlanta, May, 2000. Interaction of Proteins that Protect Cells from DNA Damage. Marc F. Schwartz.,
Dr. Zhaoxia Sun, James Hsiao, and Dr. David F. Stern 14
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Work funded by this grant will be presented in posters from Lyuben Tsvetkov and Xavier Xu (with
David F. Stem) at the forthcoming ERA of HOPE Meeting to be held in Orlando in September, 2002.

Work supported by this grant has contributed to two major publications, with more expected as
work in progress is completed:

Schwartz, M. F., J. K. Duong, et al. (2002). "Rad9 phosphorylation sites couple Rad53 to the Saccharomyces
cerevisiae DNA damage checkpoint." Mol Cell 9(5): 1055-65.

Xu, X., L. Tsvetkov, et al. (2002). "Chk2 activation and phosphorylation-dependent oligomerization."
Mol.Cell.Biol. 22: 4419-4432.

(9) CONCLUSIONS
Alterations in DNA damage response pathways, including checkpoint pathways, are known to occur

frequently in human carcinogenesis. Such changes in breast cancer include mutations in p53, Brcal, and
Brca2. Genetic analysis of yeasts has identified DNA checkpoint pathways that are necessary to maintain
the genome in the face of DNA damage. The identification of the human ATM gene, which is homologous to
a major element in yeast checkpoint pathways, led to the hypothesis that other member of these checkpoint
pathways would also be conserved in mammals. The purpose of the research that we conducted has been to,
first, identify such human homologs, and second, determine how they function in mammalian checkpoint
pathways. Our work in the first year of the research laid the groundwork for identification of proteins that
are functionally related to the yeast checkpoint protein Rad9. Since Mecl/Rad9/Rad53 interactions are a
prototype for an important machine in the checkpoint control apparatus, identification of a Rad53
interaction domain of Rad9 (which later turned out to be one of several) represented a major step forward in
understanding of this machinery. Moreover, the Rad9 site represents the first identified phosphopeptide
that interacts with a FHA domain. This phosphopeptide/FHA interaction is itself the paradigm for function
of all FHA domains, and represents a major advance in understanding signal transduction by these modules

As we had hypothesized, the major components of DNA checkpoint pathways have been shown to
be conserved between budding yeast and humans. At the time of submission of the original proposal, the
only human ortholog of a yeast checkpoint gene was Atm. Since then, this list has been extended to the
genes listed in Table 1, which includes a homolog of yeast Rad53, which we originally sought. With the
identification of the yeast Rad53 homolog, Chk2/Cdsl, we have investigated how Chk2 is regulated, and
how it regulates targets. This work is directly relevant to breast cancer, since it is now clear that Chk2 is an
intermediary linking DNA checkpoint pathways from Atm to p53; since Chk2 phosphorylates and
modulates Brcal function and since Chk2 mutations are found in variant p53+ forms of Li-Fraumeni
syndrome, which predisposes to breast cancer and other cancers [24]. There is also an elevated breast
cancer risk associated with certain forms of Chk2, and there may be somatic mutations in other cancers
[25, 26] [2].

Work on these genes and pathways is not simply an academic exercise. These DNA checkpoint
proteins have important roles in breast cancer. Not only will progress on these problems enhance our
understanding of carcinogenic processes, they may be important for optimization of breast cancer
therapies. The response of tumor cells to genotoxic chemotherapeutic agents is greatly affected by the
impact they have on the DNA checkpoint pathways including Chk2. It can be anticipated that fruits of this
work will include better therapeutic modulators, and the ability to maximize utility of existing therapies.
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Saccharomyces iSchzzosaccharomy Homo sapiens

Medl rad3# Atr PI kinase family;
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Rad9 (*P) Crb2/Rhp9(*P) Brcal? (*P) RRCT domains
p53BPl?
Nibrin?
KLAA0l7O?

Rad24 Radl7# Rad17(RC9
Mec3IPWi

Husl# *P Husi PCNA-like

Radl7 Radl# radi
Ddc(*I Rad9 # Rad9

DPBl cut BRCT domains
replication

iupstream.Rad53
Sld2/DRC 1 replication

iupstream.Rad53
POL2 Pol replication

iu~pstrem Rad53
RFC5 RFC replication
PRI4 Pol replication

Pola-Primase
downstream
Rad53

Rad53 *P cds I P cdsl/Chk2*P protein kinase
4... ... ... ... ... .. :FHA domainO

_________Chkl Chkl*P Chkl*P : protein kinase

Table 1. Conservation of yeast and mammalian DNA checkpoint genes. *P indicates that damage induces protein
phosphorylation. Reviewed in [1, 2].
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Rad9 Phosphorylation Sites Couple Rad53
to the Saccharomyces cerevisiae
DNA Damage Checkpoint

Marc F. Schwartz,1' 2 Jimmy K. Duong,2  mammalian Chkl and Chk2 (reviewed in Rhind and Rus-
Zhaoxia Sun,',3', Jon S. Morrow,2  sell, 2000; Durocher and Jackson, 2001; Abraham, 2001).
Deepti Pradhan,2 and David F. Stern2,4  In Saccharomyces cerevisiae, the PIKK to Chk kinase
Departments of Cell Biology1 and Pathology 2  cascade is an obligatory component of two DNA check-
Yale University School of Medicine point signaling pathways. The DNA damage checkpoint
3Department of Molecular, Cellular, and pathway is sensitive to various forms of DNA damage

Developmental Biology throughout the cell cycle. The DNA replication check-
Yale University point pathway functions in S phase and is activated in
New Haven, Connecticut 06510 response to both inhibition of DNA synthesis and DNA

damage (reviewed in Elledge, 1996). Although both of
these pathways involve the PIKKs Mecl or Tell, the
DNA replication checkpoint pathway activates the Chk2

Summary homolog Rad53 but not Chkl. By contrast, the DNA
damage checkpoint pathway activates both Rad53 and

Rad9 is required for the MECI/TELl-dependent acti- Chkl (Sun et al., 1996; Sanchez et al., 1996,1999). This
vation of Saccharomyces cerevisiae DNA damage differential regulation is partially mirrored in fission
checkpoint pathways mediated by Rad53 and Chkl. yeast, where the PIKK Rad3 is required for all DNA
DNA damage induces Rad9 phosphorylation, and checkpoint pathways, and DNA damage activates Chkl
Rad53 specifically associates with phosphorylated while replication inhibition activates the Chk2 homolog
Rad9. We report here that multiple Mecl/Tell consen- Cdsl (Walworth et al., 1993; al-Khodairy et al., 1994;
sus [S/T]Q sites within Rad9 are phosphorylated in Bentley et al., 1996; Lindsay et al., 1998).
response to DNA damage. These Rad9 phosphoryla- S. cerevisiae RAD9 is the prototype DNA damage
tion sites are selectively required for activation of the checkpoint gene (Weinert and Hartwell, 1988) and is
Rad53 branch of the checkpoint pathway. Consistent required for the DNA damage checkpoint pathway
with the in vivo function in recruiting Rad53, Rad9 throughout the cell cycle (Weinert and Hartwell, 1988;
phosphopeptides are bound by Rad53 forkhead-asso- Siede et al., 1993; Paulovich et al., 1997). Rad9 shares
ciated (FHA) domains in vitro. These data suggest that localized homology with the mammalian tumor suppres-
functionally independent domains within Rad9 regu- sor BRCA1 (Koonin et al., 1996; Bork et al., 1997). Loss
late Rad53 and Chkl, and support the model that FHA of RAD9 impairs checkpoint-induced cell cycle arrest
domain-mediated recognition of Rad9 phosphopep- and increases genomic instability (Weinert and Hartwell,
tides couples Rad53 to the DNA damage checkpoint 1988,1990). RAD9 is required for the activation of Rad53
pathway. and Chkl by the DNA damage checkpoint pathway (Na-

vas et al., 1996; Sanchez et al., 1999). Moreover, DNA

Introduction damage but not replication block induces Rad9 phos-
phorylation in a Mecld/Tell -dependent manner, and

DNA checkpoints attenuate the mutagenicity, .c Rad53 specifically interacts with phosphorylated Rad9
instabilityoind celltlthality thesmultingen genomic in vivo (Sun et al., 1998; Emili, 1998; Vialard et al., 1998).
instability, and cell lethality resulting from DNA damage. These data suggested that Rad9 acts as a pathway-
In response to DNA damage, these pathways delay cell specific adaptor that recruits Rad53 and Chkl to DNA
cycle progression, increase the transcription of DNA speificnada t thatits Rad53 and C t adamage-dependent activation complexes (Sun et al.,
checkpoint, replication, and repair genes, and can acti- 1998; Sanchez et al., 1999). This model is supported by
vate apoptosis. In addition, DNA checkpoint pathways the recent observation that immunoprecipitated phos-
may directly regulate the DNA repair process. Several phorylated Rad9 facilitates the activation of exogenous
checkpoint pathway components are recognized as tu- Rad53 in vitro (Gilbert et al., 2001).
mor suppressors, and dysfunction of checkpoint signal- Rad53 and other Chk2 orthologs are coupled to DNA
ing pathways is frequently associated with cancers (re- checkpoint pathways through their FHA domains (Sun
viewed in Zhou and Elledge, 2000). et al., 1998; Bell et al., 1999; Chehab et al., 2000; Lee

DNA checkpoint pathways amplify and transmit the and Chung, 2001). FHA domains are conserved modular
checkpoint signal to the effector pathways through an domains that bind specific phosphopeptides (Hofmann
evolutionarily conserved kinase cascade. The first tier and Bucher, 1995; Sun et al., 1998; Durocher et al., 1999;
of this cascade involves members of a family of phos- Li et al., 1999; Liao et al., 1999). FHA domains were first
phatidylinositol-(3') kinase-like protein kinases (PIKKs) implicated as phosphorylation-specific protein-protein
that includes mammalian ATM, ATR, and the catalytic binding domains in a study of the binding of Arabidopsis
subunit of DNA-dependent protein kinase (DNA-PKcs). thaliana kinase-associated protein phosphatase (KAPP)
These PIKKs regulate the activation of two unrelated to a receptor-like kinase (RLK) (Stone et al., 1994). Rad53
effector checkpoint kinases (Chks), represented by contains two FHA domains, which are hypothesized to

couple Rad53 to the DNA checkpoint pathways (Sun et
4 Correspondence: df.stern@yale.edu al., 1998). Both Rad53 FHA domains can bind phosphor-
5Presentaddress:CenterforCancerResearch, MassachusettsInsti- ylated Rad9 in vitro (Sun et al., 1998; Durocher et al.,
tute of Technology, Cambridge, Massachusetts 02139. 1999), and mutation of conserved amino acids in the
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Figure 1. Mutagenesis of Rad9 PIKK Phosphorylation Sites

(A) Schematic diagram of Rad9: the tandem BRCT domains are boxed, hash marks indicate the locations of the fourteen [S/T]Q consensus
PIKK phosphorylation sites, and the sequence describes ±_ two residues surrounding each [SITJO site.
(B) Anti-HA (top and middle) and anti-Rad53 (bottom) immunoblot analyses of anti-Rad9 (top) and anti-Rad53 (middle and bottom) immunopre-
cipitates from the indicated RAD9 or rad9 DLY408-derived strains. Asynchronous cultures were either mock treated (-) or treated with 0.1%
MMS (+) for 1 hr.

second Rad53 FHA domain (FHA2) disrupts the DNA tation of Rad9 with Rad53, orthe RAD9-dependent func-
damage checkpoint pathway activation of Rad53 in vivo tion of the G2/M DNA damage checkpoint arrest (Figure
(Sun et al., 1998). 1 B, lanes 1-6, and data not shown). Hence, Rad9 T603

Phosphopeptide binding preferences of FHA domains is not essential for Rad9 phosphorylation and recruit-
have been identified in vitro using peptide libraries (Du- ment of Rad53.
rocher et al., 2000; Liao et al., 2000; Wang et al., 2000; To determine whether other Rad9 [s/r]Q sites are
Byeon et al., 2001). Despite the requirement for FHA required for DNA damage-dependent Rad9 phosphory-
domains in multiple signaling pathways, including the lation and its interaction with Rad53, we generated a
Rad9/Rad53 interaction, the specific phosphopeptides series of strains lacking Rad9 T603 in combination with
recognized by FHA domains in vivo are not known. We either alanine substitutions or deletion of these sites
reportheretheidentificationofmultiplePIKKsiteswithin (Figure 1B, lanes 7-16). Of these mutations, only the
Rad9 that are phosphorylated in response to DNA dam- additional deletion of the [S/T]Q cluster domain (SCD),
ageand are required fortheRAD9-dependent regulation amino acids 390-458, impaired the DNA damage-
of Rad53. induced phosphorylation of Rad9 (Figure 1B, lanes

9-10). Furthermore, Rad9 and Rad53 did not coimmuno-

Results precipitate in this strain, and Rad53 phosphorylation
was partially impaired (Figure 1 B, lanes 9-10). As this

Identification of the Rad53 Binding Sites within Rad9 experiment used asynchronous cultures, the residual
We had previously identified an interaction between Rad53 phosphorylation observed was probably medi-
Rad53 FHA2 and Rad9 in a two-hybrid assay (Sun et ated by the RAD9-independent DNA replication check-
al., 1998). Deletion analysis revealed that Rad9 residues point pathway. The single deletion of Rad9 amino acids
542-620 are minimally required for this interaction (data 390-458 also abrogated the DNA damage-induced
not shown). This domain contains a single consensus phosphorylation of Rad9 (Figure 2A).
PIKK phosphorylation site, [S/T]Q (Anderson and Lees- Since deletions within Rad9 may nonspecifically dis-
Miller, 1992; Kim et al., 1999), at Rad9 T603 (Figure rupt Rad9 function, we examined the effects of alanine
1A). Mecl phosphorylates this site in immune-complex substitution at the [S/T]Q sites within the SCD and at
kinase assays (data not shown). Alanine substitution or T603. The rad911A allele has alanine substitutions at each
deletion of Rad9 T603 did not eliminate the DNA dam- [S/f]Q within the SCD (T390, T398, T410, T427, S435,
age-induced Rad9 phosphorylation, coimmunoprecipi- and T457), and the rad9'xA allele is the rad9w allele with
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.(J,• n 0 •.clated Rad9 involve different combinations of phosphory-
'6c ooo 4Z lation sites, we examined the effect of Rad9 SOD muta-

Rad9: wt V IV tions on the mobility shift of Rad9 induced by different

MMS: - + + " + + blot types of DNA damage. Rad96x was similarly impaired
for phosphorylation and Rad53 coimmunoprecipitation

i !induced by DNA damage from MMS, 4NQO, and UV and

S-"i i •Rad9 3xHA ionizing radiation (data not shown). Hence, the Rad9
m lU SCD is a major locus for both Rad9 phosphorylation

and interaction with Rad53 induced by DNA damage.

Detection of Phosphorylated Rad9 [S/TJQ Sites,

SP-[S/TQ Including T603 and SOD Site T390
DNA damage-dependent Rad9 phosphorylation re-
quires the PIKKs Mecl or Tell (Sun et al., 1998; Emili,
1998; Vialard et al., 1998). Rad9 contains a total of four-
teen [S/TJQ consensus PIKK phosphorylation sites, in-
cluding T603 (Figure 1A). Immunoblot analysis with an

Rad9: vector wt T603A 7xA 6xA antibody that recognizes phosphorylated [S/TJQ sites
MMS: - + - + - + - + - + blot revealed a strong immunoreactive band that is induced

by DNA damage, is eliminated by deletion of RAD9, and

- j lRad 9 3XHA comigrates with phosphorylated Rad9 (Figure 2B, lanesnnnnmE***j 1-4). According to the manufacturer, this antibody pref-
erentially recognizes phospho-[S/T]Q when preceded
by a leucine or other hydrophobic residue. Thus, given
its context, Rad9 T603 would be an ideal binding sub-

P-[S/T]Q andstrate if phosphorylated. Indeed, although Radory59 a

-stand RadtT 6o3A undergo apparently normal phosphoryla-I I ," tion-dependent electrophoretic mobility shifts, their
1 2 3 4 5 6 7 8 9 10 phospho-[S/T]Q immunoreactivity was significantly re-

duced (Figure 2A, lanes 3-4; Figure 2B, lanes 5-6). This

clo ; r-Y- residual phospho-[S/T]Q immunoreactivity was elimi-
Rad9: -? wt ' , - nated with the additional loss of the Rad9 SCD, but was
MMS: + + + + + + + + + + blot partially recovered in the Rad9 mutant only for the SCD

(Figure 2A, lanes 5-8; Figure 2B, lanes 7-10). Together,
these data imply that DNA damage induces Rad9 phos-== •i• i• ; •;• • P-T390 ote STQstswti h a9SD

-- 9 phorylation on multiple [S/T]Q sites, including T603 and

other [8/110 sites within the Rad9 SOD.
To further directly identify Rad9 phosphorylation sites,

111tomb K so we generated and purified antibodies that specifically
Rad9 3xHA recognize phosphorylated Rad9 T390, the first [S/T]Q

site within the SCD. This site is preceded by a serine
1 2 3 4 5 6 7 8 9 10 11 and thus is not predicted to be strongly recognized by

the phospho-[S/T]Q antibody. Anti-phospho-T390 rec-
Figure 2. DNA Damage Induces Rad9 Phosphorylation at Multiple ognized the slowest mobility form of phosphorylated
[S/T]Q Sites Rad9 induced by DNA damage (Figure 2C, lanes 1-3).
In (A) and (B), duplicate blots of TCA lysates from asynchronous Immunoreactivity was abolished by alanine substitution
cultures of (A) DLY408-derived and (B) DLY418-derived strains were
immunoblotted with anti-HA (top panels) and anti-phospho-[S/T]Q of T390 but unaffected by substitution of other SCD
(bottom). In (C), a blot of TCA lysates from cdc15-2 synchronized [S/T]Q sites or T603 (Figure 2C, lanes 4-10). Preincuba-
DLY418-derived strains was immunoblotted with anti-phospho- tion of the phospho-T390 antibody with phosphorylated-
T390 (top panel) and anti-HA (bottom panel). The bar to the left of T390 peptide (but not with the nonphosphorylated pep-
the blots indicates the position of the 207 kDa marker. Cells were tide) completely eliminated the immunoreactivity of
either mock treated (-) or treated with 0.1% MMS (+) for 1 hr. phosphorylated Rad9 (data not shown). Thus, Rad9

T390 is another of the Rad9 [S/T]Q sites that are phos-
the additional alanine substitution of T603. Compared phorylated in response to DNA damage.
to wild-type Rad9, both Rad9 7

x and Rad96XA displayed
severely reduced DNA damage-dependent electropho- Redundant Function of Individual [S/T]Q Sites
retic mobility shift (Figure 2B), indicating that these mu- within the Rad9 SCD
tations eliminate the majority of Rad9 phosphorylation We evaluated the effects of single alanine substitutions
sites or otherwise impair the damage-dependent Rad9 within the Rad9 SCD to determine whether a single site
phosphorylation. within the Rad9 SCD has a dominant role in the phos-

Multiple forms of DNA damage induce the MEC11 phorylation of Rad9 and the interaction of Rad9 with
TELl-dependent phosphorylation of Rad9 (Emili, 1998). Rad53. In these and subsequent experiments, activation
Since it is not known whether these forms of phosphory- of the DNA replication checkpoint pathway was avoided
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A SCD. Reintroduction of a wild-type residue at Rad9 S435
Rad9.""best, although incompletely, restored the DNA damage-

Rad9: 40 wt __,_ induced slower mobility forms of Rad9 but only modestly
MMS: + + + + + + + + + blot rescued coimmunoprecipitation with Rad53 and Rad53

phosphorylation (Figure 313, lane 10). By contrast, rein-"

!Rad9 3 • troduction of Rad9 T390 moderately restored the DNA
_....._ damage-induced slower mobility forms and also the in-

IP ctRad9 teraction of Rad9 and Rad53 (Figure 3B, lane 6). No

S-single Rad9 cluster add-back allele fully restored thej Rad9 3xHA checkpoint-induced phosphorylation or coimmuno-
P aprecipitation of Rad9 and Rad53. Thus, multiple Rad9
IP cLRad53 SOD phosphorylation sites act in an additive or coopera-

tive manner to recruit Rad53.Il l PW0Wl U D i!I ] Rad53

1 2 3 4 5 6 7 8 9 10 Rad53 FHA Domains Bind Phosphorylated
Rad9 T390 In Vitro

Z B Z A ýb -A The ability of Rad96xA T390 to restore a significant pro-

,0q N11 portion of the Rad9 interaction with Rad53 implies that
, wd�9: _ "X_ to+ . T390 is a major in vivo functional site for Rad53 binding.

MS9: It d A+ d +ý +8 ~ + + ot To confirm that Rad53 binds directly to Rad9 T390 in a
MMS: + + + + + + + + + + bl ot phosphorylation-dependent manner, we measured the

.Rad93xHA increase of surface plasmon resonance (SPR) caused
by binding of soluble, bacterially produced Rad53 FHA

IP aRad9 domains to synthetic Rad9 T390 peptides immobilized on
a BlAcore sensor chip. Rad53 FHA1 specifically interacted

1 Rad93,HA with the phosphorylated Rad9 T390 peptide (P-T390) (Fig-
I ure 4A, middle versus left panel). Mutation of two con-

IP CLRad53 served FHA domain residues abolished the binding of
the Rad53 FHA1 protein to the phosphorylated T390

aA i U l im ll Jl Rad53 peptide (Figure 4A, right panel). Similar to FHA1, GST-
Rad53 FHA2 preferentially bound the phosphorylated

1 2 3 4 5 6 7 8 9 10 11 Rad9T390(Figure4B, middle versus left panel), demon-
Figure 3. The Rad9 SCD Is Required for the Phosphorylation and strating an affinity lost upon substitution of conserved
Interaction of Rad9 and Rad53 FHA2 residues (Figure 4B, right panel). On average,

interactionud th ofophoadateandd T39dpep

In (A) and (B), anti-HA (top and middle panels) and anti-Rad53 (bot- Rad53 FHA1 bound the phosphorylated Rad9 T390 pep-
tom panel) immunoblot analyses of anti-Rad9 (top panel) and anti- tide with an apparent KD of 2.5 [tM (s = 0.3, n = six
Rad53 (middle panel) immunoprecipitates and corresponding ly- experiments), and GST-Rad53 FHA2 bound with an ap-
sates (bottom panel) from the indicated RAD9 or rad9 strains. Cells parent KD of 1.4 gM (s = 0.3, n = three experiments).
were synchronized in telophase at the cdc15-2 arrest point and These affinities are within the general range of those
either mock treated (-) or treated with 0.1% MMS (+) for 1 hr. The reported for FHA domain-phosphopeptide binding (Du-
DLY418-derived strains carry a plasmid encoding RAD9, rad9&A, (A) rocher et al., 1999; Li et al., 1999; Liao et al., 1999, 2000;
alanine substitutions of individual [S/T]Q sites within the Rad9 SCD, Durocher et al., 2000; Wang et al., 2000; Byeon et al.,
or (B) rad97l, and rad9&A strains with single wild-type residues re-
stored. 2001). However, the observed affinity of GST-FHA2 may

have been artificially increased due to the ability of GST
to homodimerize (Ladbury et al., 1995). In addition, SPR-

by synchronization of cells in telophase using the condi- based determination of FHA domain binding affinity has
tional cdc15-2 allele (Futcher, 1999), thus allowing evalu- been demonstrated to overestimate KD by as much as
ation of Rad53 phosphorylation solely dependent on 20-fold, as compared to binding affinity determined by
RAD9. Similar to the alanine substitution of Rad9 T603, isothermal calorimetry (Durocher et al., 1999).
substitution of single [S/T]Q sites within the SCD had In a filter binding assay with immobilized synthetic
little impact on the DNA damage-induced phosphoryla- peptides, GST-Rad53 FHA2 also preferentially bound
tion of Rad9, coimmunoprecipitation of Rad9 with the phosphorylated form of a Rad9 T603 peptide (data
Rad53, or Rad53 phosphorylation (Figure 3A). Single not shown). In a recent study of Rad53 FHA2 binding
mutation of the Rad9 SCD sites also had little impact Rad9 phosphothreonine peptides that fit a Txx[I/L] con-
on the phospho-[S/TmQ immunoreactivity of phosphory- sensus, Rad53 FHA2 bound a phospho-T603 peptide
lated Rad9 (data not shown). Since simultaneous substi- with a KD of 12.9 pM (Byeon et al., 2001). Taken together,
tution of all six SCD sites does inactivate these functions these results show that the Rad53 FHA domains can
(Figure 3A, lane 4), these data suggest that multiple directly and specifically bind Rad9 phosphopeptides
SCD sites are phosphorylated and that Rad53 interacts containing physiological PIKK phosphorylation sites.
redundantly with some or all of these sites.

Rad53 specifically interacts with phosphorylated Rad9 Phosphorylation Sites Are Required
Rad9 (Sun et al., 1998; Emili, 1998). To characterize the for the Survival of Genotoxic Stress
ability of single Rad9 SCD sites to support this interac- Survival of genotoxic stress requires the activities of the
tion, we restored single [S/T]Q residues in the Rad9O1A DNA checkpoint pathways, as well as the DNA repair
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A Analyte: Rad53 FHA1 Rad53 FHA1 Rad53 FHA1R70AN107A
Ligand: Rad9 T390 peptide Rad9 P-T390 peptide Rad9 P-T390 peptide
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Figure 4. Phosphorylation-Dependent Binding of Rad53 FHA Domains to Rad9 T390 In Vitro
Synthetic peptides containing Rad9 amino acids 382-397, either nonphosphorylated (T390) or phosphorylated (P-T390) at T390, were biotinyl-
ated and coated onto a BlAcore sensor chip. The sensorgrams indicate binding measured by an increase in surface plasmon resonance
during analyte flow over the chip surface, with the nonspecific signal from the biotin-only surface subtracted.
(A) Concentrations of 0.1-4.8 p.M of bacterially produced Rad53 FHA1 (left and middle) or Rad53 FHA1 with mutations in conserved FHA
domain residues (right) were flowed across the nonphosphorylated (left) and phosphorylated (middle and right) Rad9 T390 peptide surfaces.
(B) Concentrations of 0.19-4.9 [LM of bacterially produced GST-Rad53 FHA2 (left and middle) or GST-Rad53 FHA2 with mutations in conserved
FHA domain residues (right) were flowed across the nonphosphorylated (left) and phosphorylated (middle and right) Rad9 T390 peptide
surfaces. The low level of peptide- and FHA domain-independent resonance observed in (B) was specific to that sensor chip, since it was
not seen when the same GST-FHA2 preparation was flowed over the sensor chip used in (A).

systems. Rad9 is involved in both signaling through the role in the RAD9-dependent survival of MMS-derived
DNA damage checkpoint pathway and DNA repair, such DNA damage than in the survival of UV irradiation.

that loss of RAD9 decreases the viability of cells chal- Survival of replication block due to hydroxyurea (HU)
lenged with DNA damage (Weinert and Hartwell, 1988, treatment is normally RAD9 independent and involves
1990; Terleth et al., 1990; de [a Torre-Ruiz and Lowndes, the activation of Rad53 through the DNA replication
2000). Therefore, we determined whether DNA damage- checkpoint pathway (Weinert et al., 1994; Allen et al.,
induced Rad9 phosphorylation sites are required for 1994; Navas et al., 1996). However, if the replication
Rad9 function in response to a variety of genotoxic checkpoint pathway is compromised, such as in a toflA

stresses, mutant, Rad53 regulation and HU survival involves sig-
Cdc13 is a telomere-associated protein required for naling through Rad9 (Navas et al., 1996; Foss, 2001).

the maintenance of chromosome ends (Garvik et al., Therefore, we determined the effect of the loss of Rad9
1995; Nugent et al., 1996; Lin and Zakian, 1996). At [S/TJQ phosphorylation sites on HU survival in a toflA
elevated temperatures, cells bearing the temperature- strain. As expected, wild-type, rad9A, and rad9cxA strains

sensitive cdc13-1 allele exhibit a rapid loss of viability were similarly viable when grown on HU-containing me-
(Weinert et al., 1994). Cells bearing rad97xA were compro- dia (Figure 5C). The toflA mutant was slightly impaired

mised for survival at 370C in a cdc13-1 background, for viability, and the toflA rad9A double mutant was
nearly as severely as a rad9A strain (Figure 5A). The very sensitive to HU (Figure 5C). The toflA rad97xA strain

cdc13-1 rad96xA strain demonstrated an intermediate was nearly as sensitive as the tofl A rad9A strain, indicat-

loss of viability, suggesting that Rad9 T603 supports a ing a strong requirement for Rad9 [S/T1Q phosphoryla-
moderate level of Rad9 function in vivo. Consistent with tion sites for the survival of HU treatment when the
their partial recovery of Rad53 phosphorylation, cdc13-1 replication checkpoint pathway is impaired.
rad96xA+T

3 0° cells are more viable at 37'C than the cdc13-1
rad96 xA strain (Figure 5A). G2/M DNA Damage Checkpoint Arrest

The absence of Rad9 phosphorylation sites in rad9gxA in Rad9 [S/TFQ Mutants

cells also reduced survival of UV irradiation, but this At elevated temperatures, cdc13-1 strains accumulate
loss of viability was less than that associated with the telomeric single-stranded DNA that induces a strong

loss of RAD9 (Figure 5B, right panels). Interestingly, the RAD9-dependent cell cycle arrest at G2/M (Weinert and
rad97xA strain demonstrated a loss of viability ap- Hartwell, 1993; Lydall and Weinert, 1995; Garvik et al.,
proaching that of a rad9A strain when grown on media 1995). Rad53 and Chkl act in parallel downstream of
containing MMS (Figure 5B, left panels), suggesting that Rad9 to enforce this arrest, such that rad53 or chkl
the Rad9 [S/T]Q phosphorylation sites play a greater cells have a partial delay and are unable to maintain the
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Figure 5. Genotoxin Sensitivity of rad9 [S/T]Q

A Mutants

100 (A) Log-phase cultures of 1588-4C-derived

-a- cdc13-1 RAD9 cdc13-1 strains expressing the indicated

forms of Rad9 were shifted to 37'C, and their

viability was measured as the number of col-
--s- cdc13-1 rad96XA +T390 ony-forming units when plated at permissive

'10 temperature. Error bars indicate ± the stan-

-0- cdcl13-1 rad96xA dard deviation between two matched strains.
"> (B and C) Serial 4-fold dilutions of the (B)

W0 cdc13-1 rad97xA 1588-4C-derived rad9A or (C) U960-5C-
derived rad9A and rad9.A toflA strains car-
rying plasmids to generate the illustrated

-0- cdc13-1 rad9A genotypes were spotted onto plates either

untreated, UV irradiated, containing MMS,

or containing HU as indicated. The lethality
0.1 of rad53.A in U960-5C-derived strains is sup-

0 2 4 6 pressed by smIl-1.
hours at 370C
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G2/M cell cycle arrest (Sun et al., 1998; Gardner et al., quired for the full action of the RAD53-dependent G2/M
1999; Sanchez et al., 1999; Liu et al., 2000). To determine DNA damage checkpoint.
the relationship of Rad9 phosphorylation sites required
for Rad53 activation with the functionality of the DNA Rad9 [S/T]Q Mutants Retain Regulation of Chkl

damage checkpoint pathway, we ascertained the effect RAD9 is required for the DNA damage-induced phos-

of Rad9 [s/1]Q mutations on the G2/M arrest in cdc13-1 phorylation of Chkl, and Rad9 interacts with Chkl in a

cells. Similar to rad53 cells, rad91' and rad9?xA cells yeast two-hybrid assay (Sanchez et al., 1999), sug-

transiently delayed prior to anaphase, but eventually gesting that Rad9 may also directly recruit Chkl to the

escaped into telophase (Figure 6A). The rad9?xA defect DNA damage checkpoint pathway. Therefore, we deter-

was consistently slightly more severe than the rad96xA mined whether the DNA damage-induced phosphoryla-
defect, demonstrating that Rad9 T603 partially contrib- tion of Chkl is intact in rad971 cells. As expected, the
utes to the function of Rad9 in maintaining the G2/M DNA DNA damage-dependent phosphorylation of Rad53 and

damage checkpoint arrest. Consistent with the ability of Chkl was absent in a rad9A strain, and Rad53 phosphor-
the T390 add-back mutant to significantly restore the ylation was abrogated in rad97 xA cells (Figure 7). How-
DNA damage-induced interaction of Rad9 with Rad53, ever, the damage-dependent phosphorylation of Chkl

reintroduction of Rad9 T390, or, less effectively, S435, to was not lost in the rad971A strain (Figure 7, lanes 5-6).

rad96xA partially restored G2/M arrest (Figure 68). These These data indicate that the major DNA damage-
rescues were intermediate, suggesting that the regula- induced Rad9 phosphorylation sites are not essential
tion of Rad53 by multiply phosphorylated Rad9 is re- for the regulation of Chkl by Rad9.
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Figure 6. Rad9 Phosphorylation Sites Are

A , 100 Required for the G2/M DNA Damage Check-
point Arrest
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Rad53 and Chkl both act to enforce the G2/M check- blot analysis with phosphorylation-specific antibodies
point arrest (Sun et al., 1998; Gardner et al., 1999; San- directly implicated specific Rad9 [S/T]Q residues as
chez et al., 1999; Liu et al., 2000). Thus, the intermediate physiological DNA damage-induced phosphorylation
G2/M checkpoint arrest defect in the rad97ýA cells (Figure sites, and these Rad9 [S/T]Q phosphopeptides are
6A) could be due to disruption of either Rad53 or Chkl bound by Rad53 FHA domains in vitro. Rad9 phosphory-
function. To confirm that the G2/M arrest defect in the lation site mutants are partially defective for genotoxin
rad97xA cells reflects the failure of the DNA damage survival and function of the G2/M checkpoint arrest in a
checkpoint pathway in coupling to Rad53 rather than manner consistent with dysfunction of the Rad53 ef-
Chkl, we determined the effect of the rad9 7XA mutation fector pathway. These defects caused by Rad9 mutation
in chklA and rad53A cells. rad53A rad9rxA cells were as are specific for its role in Rad53 regulation, since they
defective in the G2/M DNA damage checkpoint arrest have little effect on the phosphorylation and function
as rad53A cells, suggesting that the two mutations dis- of Chkl.
rupt the same pathway (Figure 6C). By contrast, chklA
rad97xA cells were less competent for the function of the Rad53 FHA Domain Binding Sites within Rad9
G2/M checkpoint arrest than chklA cells (Figure 60), Prior analyses of the phosphopeptide binding properties
suggesting that Chkl and the Rad9 phosphorylation of FHA domains were performed exclusively in vitro us-
sites function in separate pathways. This is consistent ing phosphopeptides of unknown physiological rele-
with the observation that loss of the Rad9 phosphoryla- vance (Durocher et al., 1999, 2000; Liao et al., 2000;
tion sites disrupts the RAD9-dependent phosphoryla- Byeon et al., 2001). Studies of Rad53 FHA domains bind-
tion of Rad53 and not Chkl. ing to peptide libraries determined that Rad53 FHA1

prefers phosphothreonine followed by aspartate at
Discussion the +3 position, while Rad53 FHA2 prefers phos-

phothreonine followed by isoleucine or leucine at +3
Site-directed mutagenesis identified a requirement for (Durocher et al., 1999, 2000; Liao et al., 2000; Byeon et
Rad9 [S/T]Q sites in the DNA damage-induced Rad9 al., 2001). Rad9 T390, the individual Rad9 SCD site which
phosphorylation and interaction with Rad53. Western best supports the Rad9 interaction with Rad53 in vivo,
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rad9A RAD9 rad97xA binding required to induce its phosphorylation and acti-

MIMS: - + - + - + blot vation. This activation could be achieved both through
the transphosphorylation of Rad53 by Mecl/Tell and
through the concentration-dependent transphosphory-

Rad9 3xHA lation of Rad53 by Rad53 (Gilbert et al., 2001).

Rad53 is itself potentially bivalent for interactions with
IP ctRad9 Rad9, since both Rad53 FHA domains bind phosphory-

lated Rad9 (Sun et al., 1998; Durocher et al., 1999), and
both FHA domains bind Rad9 phosphopeptides in vitro.

SRad53 Hence, multivalent interactions between multiply phos-
phorylated Rad9 and bivalent Rad53 may stabilize the

IP aRad53 Rad9-Rad53 interaction. The contact of an FHA domain
to a phosphopeptide directly involves at least six resi-
dues encompassing the phosphorylation site (Durocher

40U0e*8 " Chkl 13xmyc et al., 2000). Considering that the six Rad9 SCD sites
are spread over 69 amino acids, a single Rad9 SCD may

IP amyc engage with multiple Rad53 FHA domains. Furthermore,
1 2 3 4 5 6 both Rad9 (Soulier and Lowndes, 1999) and Rad53 (Z.S.

and D.F.S., unpublished data) are capable of homotypic
Figure 7. Chkl Phosphorylation Is Not Disrupted in a Rad9 SCD interactions. Taken together, these intricate interactions
Mutant may contribute to aggregation of oligomeric checkpoint
Immunoprecipitation and immunoblot analyses of anti-Rad9 (top), complexes. Through the accumulation of these com-
anti-Rad53 (middle), and anti-myc (bottom) from DLY418-derived plexes, the ability of Rad53 and similarly its mammalian
strains expressing the indicated forms of Rad9. Cells were synchro-
nized in telophase at the cdc15-2 arrest point and either mock homolog, Chk2, to self-associate and activate may ac-
treated (-) or treated with 0.1% MMS (+) for 1 hr. celerate a positive feedback loop promoting the activa-

tion of DNA damage checkpoint effectors (Gilbert et al.,
2001; Xu et al., 2002; Ahn et al., 2002).

is followed by valine at +3 and thus precisely fits neither Rad9 participates in a number of DNA damage check-
of these preferred patterns. However, both Rad53 FHA point pathway-mediated responses to DNA damage (re-
domains have a weaker general selectivity for a hy- viewed in Lowndes and Murguia, 2000), including the
drophobic residue at +3 (Durocher et al., 2000; Byeon regulation of Chkl phosphorylation (Sanchez et al.,
et al., 2001), which is consistent with Rad9 T390. Four 1999). Mutation of the Rad9 [S/'rQ phosphorylation sites
of the five TQ sites within the Rad9 SCD and six of the does not abolish the phosphorylation or function of
nine total TQ sites within Rad9, including T603, have Chkl. Thus, the domains within Rad9 essential for the
isoleucine, leucine, or valine residues at the + 3 position. regulation of Rad53 and Chkl are functionally separable,
The identification of phosphorylated Rad9 [S/T]Q sites and the mechanism of regulation of Chkl by Rad9 re-
as in vivo binding targets for the Rad53 FHA domains mainsto bedetermined.Thefactthatthemajordamage-
is in agreement with the prediction that Mecl /Tell phos- induced Rad9 phosphorylation sites are dispensable for
phorylation sites within Rad9 are required for its interac- the regulation of Chkl correlates with the lack of recog-
tion with Rad53. nizable phosphorylation-dependent interaction do-

mains, such as an FHA domain, within Chkl.
Rad9 [S/TJQ Phosphorylation Sites Regulate
Rad53 Activation SCDs as Targets of DNA Checkpoint
Single mutation of Rad9 [S/T]Q sites did not have a Phosphorylation and Interaction
significant effect on the mobility shift of phosphorylated Individual SQ or TQ dipeptides are fairly common in
Rad9 or on the interaction of phosphorylated Rad9 with polypeptide sequences, theoretically occurring approxi-
Rad53. Multiple substitutions of these sites, however, mately once every 200 or so residues. However, clusters
revealed their requirement for Rad9 phosphorylation of [S/T]Q sites are readily recognizable in a handful of
and regulation of Rad53. Moreover, individual sites known DNA checkpoint or replication proteins. A pat-
within the Rad9 SCD are able to support partial levels tern-based search for SCD of at least five [S/']Q sites
of Rad9 phosphorylation and interaction with Rad53, separated by no more than 35 amino acids identified
but no single site accounts for all of either function. roughly 1 % of the human, murine, or budding yeast
These data imply that multiple Rad9 [S/T]Q phosphory- PROSITE database. Of these, 10% are readily recogniz-
lation sites together mediate the interaction of Rad9 with able as DNA checkpoint proteins, including human and/
Rad53. or murine Atm, DNA-PKcs, Brcal, Brca2, Chk2, and

The CDK inhibitor Sic1 is phosphorylated at multiple Mdm2, and yeast Rad9, Rad53, and Chkl. Experimental
CDK consensus sites. Individually, these sites constitute evidence already suggests that the SCDs in Brcal,
only moderate-affinity Cdc4 binding sites, but these Chk2, and Mdm2 are targets for phosphorylation by
phosphorylation sites act in concert to target Sic1 for PIKKs (Cortez et al., 1999; Sanchez et al., 1999; de To-
Cdc4-mediated degradation once a threshold of Sic1 ledo et al., 2000; Matsuoka et al., 2000; Melchionna et
phosphorylation is achieved (Nash et al., 2001). Simi- al., 2000; Wakayama et al., 2001). Within the group of
larly, multiple phosphorylation of [S/O]Q sites within proteins identified by the PROSITE pattern search, the
Rad9 may together act to achieve a threshold of Rad53 mammalian DNA-PKcs and yeast Rad9, Rad53, and
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Chkl SODs are notably rich in TQ residues. Since FHA media were typically supplemented with adenine to 47.5 mg/l. For

domains have a strong binding preference for phos- immunoblot analyses, cultures were grown to early/mid-log phase.

phothreonine over phosphoserine (Durocher et al., 1999) For cdc15-2 synchronization, early-log cultures were shifted to 370C
for 3 hr. Cultures were mock treated or treated with 0.1% MMS

and since the threonine-rich Rad9 SOD is a binding site (Sigma) for 1 hr, washed, and either lysed immediately or frozen in

for Rad53 FHA domains, TQ-rich clusters may often be liquid nitrogen and stored at -80oC.
PIKK-dependent FHA domain binding sites. It remains

to be determined whether phosphorylated SODs in pro- Immunoprecipitations and Immunoblotting

teins other than Rad9 similarly mediate FHA domain Immunoprecipitationsand anti-Rad53Western blotting were as pre-

interactions or serve other regulatory functions. viously described (Sun et al., 1998). In brief, lysates were prepared

Interactions between phosphorylated Rad9 and by mechanical disruption in TG (PBS + 1% Triton X-1 00, 10% glyc-
erol, and phosphatase and protease inhibitors [Roche and Sigma]).

Rad53 are a prototype for assembly of DNA damage- 1-2.5 mg of lysate was used per immunoprecipitation with rabbit

dependent checkpoint complexes. Two important, un- anti-Rad53 serum, rabbit anti-Rad9 serum (G. Liu, M.F.S., and

anticipated features of these complexes are the involve- D.F.S., unpublished data), mouse anti-myc monoclonal 9E10 (Ce-

ment of an intermediary adaptor protein for functional vance), or control antibodies. TCA lysates were prepared as de-

connection of a PIKK with a substrate and the PIKK scribed (Foianietal.,1999), with minor volume adjustments. Lysates

phosphorylation dependence of that interaction. These and immunoprecipitations were resolved on 6% or 7.5% polyacryl-
amide gels prior to transfer to Immobilon-P (Millipore).

features, and the potential multivalency of these interac- Rad9
3
0HA was detected in immunoblot analysis with HRP-conju-

tions, may be common vehicles for the rapid assembly gated rat anti-HA monoclonal 3F1`0 (Roche), Rad53 with rabbit anti-

of focal eukaryotic checkpoint complexes at sites of Rad53 serum or a goat anti-Rad53 antibody (Santa Cruz), and

DNA damage. Chk1 
3
"mY, with HRP-conjugated 9E1 0 (Santa Cruz). The rabbit anti-

phospho-[S/T]Q antibody was used as per manufacturer's sugges-

Experimental Procedures tions (Cell Signaling Technology). Polyclonal rabbit antibody against
Rad9 phospho-T390 was generated and purified as described (DiGi-

Plasmids ovanna et al., 1998) using the T390 phosphopeptide KSNRST*QIVN

For pRS306 rad9l°
3
A and pRS306 rad9V

59
3-6, the mutations were intro- as antigen and nonphosphorylated and phosphorylated forms of

duced by PCR into the Spel-Hindlll internal RAD9 fragment cloned the peptide TENNSNRST*QIVNNPR for purification.

into the same sites of pRS306. To construct pRS306 RAD9
3
OHA, the

FLAG-tag of pRS314G RAD9FLAG (Sun et al., 1998) was replaced with GST Fusion Protein Purification for BlAcore

a 3xHA tag followed by -500 bp of RAD9 3' UTR, and the Munk- Bacterial cultures expressing GST-Rad53 and Rad9 fusion proteins

Sacll fragment was cloned into pRS306. pRS316 RAD9`HA was con- were collected by centrifugation and lysed by sonication in TG with

structed by replacing the MunI-Sacll fragment of pRS316 RAD9FLAG 5 mM DTT. Clarified lysates were rotated with glutathione-sepharose

(Sun et al., 1998) with the MunI-SaclI from pRS306 RAD93OHA. pRS306 beads at 4°C. The beads were then washed in batch format once

rad9A was created by replacing the RAD9 coding sequence in the with >100x bead bed volume lysis buffer and twice with PBS or

Xhol-Smal fragment of pRS306 RAD9`HA with -1.17 kb of RAD9 5' HS-t (10 mM HEPES [pH 7.6], 150 mM NaCl, 0.005% Tween-20).

UTR. To create CHK1
13'Iy,, the CHK1 ORF and surrounding UTR was For the FHA1 fusions, the latter two washes lacked protease inhibi-

isolated by PCR and cloned into pBSKII'. The Smal-Spel fragment tors, and thrombin cleavage was performed as per manufacturer's

encoding the 13xmyc tag from pFA6a-1 3myc-His3MX6 (Longtine et suggestions (Amersham). Thrombin was removed by incubation with

al., 1998) was inserted into equivalent sites created by PCR at the benzamidine-agarose beads (Sigma). The GST-Rad53 FHA2 con-

3' end of the CHK1 ORF. The entire CHK1 
3
11Y- locus was then cloned struct, a noncleavable GST fusion protein, was eluted with glutathi-

into pRS315. For the GST-FHA1 expression construct, RAD53 en- one, and the glutathione was removed by dialysis.

coding amino acids 1-197 were amplified by PCR and cloned into
pGEX4T3. The alanine substitutions of the conserved FHA domain Synthetic Peptides
residues at R70 and N1 07 were introduced by PCR. The GST-Rad53 Rad9 peptides were synthesized and purified by the Small Scale
FHA2 fusion proteins were described previously (Sun et al., 1998). Peptide Synthesis facility at the W.M. Keck Biotechnology Resource

Center at the Yale School of Medicine.

Strains
DLY408 (cdc13-1 cdc15-2), DLY409 (cdc13-1 cdc15-2 rad9::HIS3), BlAcore Peptide Binding Assay
DLY418(cdcl5-2), and DLY554 (cdc13-1 cdcl5-2rad53-21) arefrom The 16-mer Rad9 T390 peptides were combined with biotin-LO-
the Weinert laboratory (Gardner et al., 1999; Lydall and Weinert, NHS (Pierce) at a molar ratio of 1.5:1 peptide:biotin overnight at 4°C.
1997). 1588-4C and U960-5C (smll-1 rad53-XB::HIS3) are from the Remaining NHS groups were blocked with 20 mM Tris. Biotinylated
Rothstein laboratory (Zhao et al., 1998). These strains are in a W303 peptides and a similar biotin-only mixture were diluted and flowed
background. over the surface of a streptavidin-coated sensor chip in a BlAcore

The initial rad9T and rad919
3

20 
mutations were engineered into 2000 as per manufacturer's instructions (BlAcore). The peptide sur-

DLY408 by two-step allele replacement with the appropriate pRS306 faces typically yielded 70-200 RUs over the biotin-only surface.
constructs. pRS306 RAD9xHA was used to epitope tag RAD9 in Analytes were dialyzed into HBS-Tw (10 mM HEPES [pH 7.6], 150
DLY408. For the site-directed mutagenesis of Rad9 [S/T]Q sites, mM NaCl, 3.4 mM EDTA, and 0.005% Tween-20). For the SPR mea-
PCR cassettes containing the different mutations were used to re- surements, 60 p1 of various concentrations of analyte at 10 Rl/min
place the corresponding sequence in a rad9V

59
-

20 
strain by two- or 125 !1 at 25 pl/min were flowed over each surface at 150C. Surface

step allele replacement (Erdeniz et al., 1997). pRS306 rad9A was regeneration was accomplished with a pulse of 1 M NaCl, a pulse
used to delete RAD9 in 1588-4C and DLY408, and cdc13-1 was of 2 M MgCl2, and extensive washing with HBS-Tw.
subsequently introduced into 1588-4C rad9A with the plasmid
pDL420 (Weinert laboratory). To construct DLY408 rad53A strains, Genotoxin Sensitivity Assays
SML1 was first replaced with a smll::TRPl cassette PCR amplified For the cdc13-1 assay, log-phase cultures of 1588-4C cdc13-1
from U973 (smll::TRP1 esrl-1, Rothstein laboratory). RAD53 was rad9A strains bearing appropriate plasmids were shifted to 370C,
then replaced with a rad53::HIS3 PCR cassette that targets the and aliquots plated in duplicate on YPAD at the indicated times.
precise removal of the RAD53 ORF. CHK1 and TOF1 ORFs in DLY408 Plates were incubated at 230C for 3 days. For the remaining assays,
and U960-5C, respectively, were replaced with kan" cassettes PCR cultures of 1588-4C- or U960-5C-derived strains bearing appro-
amplified from the corresponding deletion strains (Research Ge- priate plasmids were brought to similar densities and serially diluted
netics). 4-fold in a 96-well plate. A 48-pin inoculator was used to spot the

Drop-out media was purchased from Bufferad. Synthetic and rich diluted cultures onto YPAD, YPAD+ HU, or YPAD+ MMS plates. Sets
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of YPAD plates were UV irradiated in a prewarmed Stratalinker (Stra- de la Torre-Ruiz, M., and Lowndes, N.F. (2000). The Saccharomyces
tagene). The plate cultures were grown at 30'C for 2-3 days. cerevisiae DNA damage checkpoint is required for efficient repair

of double strand breaks by non-homologous end joining. FEBS Lett.
Assay for the G2/M DNA Damage Checkpoint Function 467, 311-315.
This assay was performed largely as described (Lydall and Weinert, de Toledo, S.M., Azzam, E.I., Dahlberg, W.K., Gooding, T.B., and
1995, 1997). In brief, strains derived from DLY408, DLY409, or Little, J.B. (2000). ATM complexes with HDM2 and promotes its
DLY554 bearing the appropriate plasmids were grown to early-log rapid phosphorylation in a p53-independent manner in normal and
phase at 23'C in synthetic media, shifted into YPAD, and synchro- tumor human cells exposed to ionizing radiation. Oncogene 19,
nized with a factor. Cells were washed into prewarmed YPAD and 6185-6193.
grown at 37°C. 70% ethanol fixed samples were sonicated and DiGiovanna, M.P., Roussel, R.R., and Stem, D.F. (1998). Production
spotted onto poly-L-lysine (Sigma)-coated slides, dried, and sealed of antibodies that recognize specific Tyrosine-phosphorylated pep-
under a coverslip with DAPI mounting media (Vector Laboratories). tides. In Current Protocols in Molecular Biology, F.M. Ausubel, et
For each sample, at least 100 cells were scored. Cells with gross al., eds. (New York: John Wiley & Sons), pp. 18.6.1-18.6.19.
nuclear or morphological defects and cells terminally G, arrested
as determined by size and morphology were not scored. Durocher, D., and Jackson, S.P. (2001). DNA-PK, ATM and ATR as

sensors of DNA damage: variations on a theme? Curr. Opin. Cell
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The tumor suppressor gene CHK2 encodes a versatile effector serine/threonine kinase involved in responses
to DNA damage. Chk2 has an amino-terminal SQ/TQ cluster domain (SCD), followed by a forkhead-associated
(FHA) domain and a carboxyl-terminal kinase catalytic domain. Mutations in the SCD or FHA domain impair
Chk2 checkpoint function. We show here that autophosphorylation of Chk2 produced in a cell-free system
requires trans phosphorylation by a wortmannin-sensitive kinase, probably ATM or ATR. Both SQ/TQ sites
and non-SQ/TQ sites within the Chk2 SCD can be phosphorylated by active Chk2. Amino acid substitutions
in the SCD and the FIA domain impair auto- and trans-kdnase activities of Chk2. Chk2 forms oligomers that
minimally require the FHA domain of one Chk2 molecule and the SCD within another Chk2 molecule. Chk2
oligomerization in vivo increases after DNA damage, and when damage is induced by gamma irradiation, this
increase requires ATM. Chk2 oligomerization is phosphorylation dependent and can occur in the absence of
other eukaryotic proteins. Chk2 can cross-phosphorylate another Chk2 molecule in an oligomeric complex.
Induced oligomerization of a Chk2 chimera in vivo concomitant with limited DNA damage augments Chk2
kinase activity. These results suggest that Chk2 oligomerization regulates Chk2 activation, signal amplifica-
tion, and transduction in DNA damage checkpoint pathways.

DNA damage activates response pathways that halt the cell progressive cerebellar defects (29). Chk2 is a major effector of
cycle, induce the transcription of genes that facilitate DNA Atm (6, 7, 10, 40). Both the breast cancer susceptibility gene
repair and DNA replication, alter telomeres, and induce apo- product Brcal (16, 33) and p53 (3, 8, 11, 12, 25, 52) are
ptosis if damage cannot be repaired (65). Checkpoint defects substrates of Atm and Chk2. Li-Fraumeni syndrome is a he-
may result in genomic instability, a mutagenic condition that reditary disorder predisposing to multiple neoplasms and is
predisposes organisms to cancer. On the other hand, DNA- generally associated with a constitutional TP53 mutation.
damaging agents, in the form of gamma irradiation and geno- CHK2 mutations have been identified in some Li-Fraumeni
toxic drugs, are mainstays of current cancer treatment regi- syndrome kindreds that do not have p53 mutations (5, 58), in
mens. Manipulation of checkpoint genes may ultimately myelodysplastic syndromes and acute myeloid leukemias (27),
benefit chemo- and radiotherapy (23). in lung cancer (24, 44), in osteosarcoma (44), and in ovarian

Checkpoint pathways are analogous to growth factor-regu- cancer (44). CHK2, therefore, is a regulator of tumor suppres-
lated signal transduction pathways, in which DNA damage sor gene products and is itself a likely tumor suppressor gene.
initiates a signal that is transduced and amplified to generate Chk2 activation in response to ionizing irradiation is ATM
checkpoint responses. Although the precise nature of the ini- dependent (6, 7, 10, 40). Activated Chk2 in turn phosphory-
tial step of signal transduction is poorly understood, damaged lates p53 at serine-20 (11, 25, 52), Cdc25A at serine-123 (21),
DNA activates a cascade of protein kinases. In mammals, these and Cdc25C at serine-216 (6, 7, 10, 40), contributing to the
kinases include the phosphoinositide kinase-related kinases G1IS, S, and G2/M checkpoints, respectively.
(PIKKs) Atm (ataxia telangiectasia mutated) and Atr (Atm Atm-like PIKKs show a strong sequence preference for
and Rad3 related) and the downstream serine/threonine phosphorylation of SQ/TQ sites (2, 30). The SQ/TQ cluster
checkpoint kinases Chkl and Chk2. Orthologs of these genes domain (SCD), near the amino terminus of Chk2, includes
have been identified in yeasts, with Saccharomyces cerevisiae seven SQ/TQ sites, including known ATM- and ATR-depen-
Mecl and Tell serving Atm- or Atr-like functions and Chkl dent phosphorylation targets (1, 41, 42, 64). The SCD is fol-
and Rad53 resembling mammalian Chkl and Chk2, respec- lowed by a forkhead-associated (FHA) domain and a carboxyl-
tively. Effectors that execute the functions of the DNA damage terminal kinase catalytic domain. Activation of Chk2 occurs
responses include substrates of both PIKKs and checkpoint through a series of steps, including trans phosphorylation by
kinases. Atm or Atr at sites within the SCD, including T68 (1, 41, 42,

Atm is a central signaling protein in the response to ionizing 64). PIKK-dependent phosphorylation is required for auto-
radiation and other sources of double-strand DNA breaks. phosphorylation within the activation loop of the catalytic do-
Homozygous mutations in ATM are responsible for the pleio- main at T383 and/or T387 (32).
tropic ataxia-telangiectasia syndrome, which includes cancer The intact FHA domain is required for damage-dependent
predisposition and sensitivity to ionizing radiation along with activation of Chk2 (11, 32). FHA protein homology domains

were first identified in a subset of forkhead transcription fac-
tors (26). They are present in a wide variety of proteins in

* Corresponding author. Mailing address: Department of Pathology, to rs and ey kar yotes in a e ukary otic in

School of Medicine, Yale University, 310 Cedar Street, BML 342, New prokaryotes and eukaryotes (34). Many eukaryotic FHA do-
Haven, CT 06510. Phone: (203) 785-4832. Fax: (203)785-7467. E-mail: main-containing proteins are found in the nucleus and are
Df.stern@yale.edu. involved in DNA repair and cell cycle arrest (34). Recent work
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shows that FHA domains are phosphopeptide recognition do- 19 69 115 175 226 486
mains (18, 19, 36, 37, 55, 57), and structurally they have some
similarity to the MH2 domains of R-Smads (19), signal trans- Wild type - Kinase 543

ducers and transcriptional comodulators of transforming ASCD - 492
growth factor beta (TGF-13) signaling (39). However, only a AFHA _ _---_ _ 482_%

small number of protein-protein interactions that are mediated 366
by FHA domains have been identified. They include associa- CAI E:iEIZiMzL =,"RMMPLs 380
tion of an Arabidopsis thaliana phosphatase FHA domain with 474
a phosphorylated receptor-like kinase (35, 55) and interaction CA2 480

D347A or D368A
of S. ceret'isiae Rad53 with phosphorylated Rad9 (57), which KD D3i or D368A 543
operates upstream from Rad53 in the damage-dependent sig- R1I7A
naling cascade. R117A 2 543'"NGT-ý '"AAA

The FHA domains of the S. cerevisiae Chk2 homolog Rad53 NGT • 543
couple Rad53 to damage-dependent signals through direct
binding to a second damage response protein, Rad9 (57). DNA 1-221 L 221

7Adamage induces PIKK-dependent phosphorylation of Rad9 1-221(7A) 221
(20, 47, 56, 59). Once phosphorylated, Rad9 binds tightly to the '"NGT--* '"AAA

two FHA domains of Rad53 (18, 36, 37, 57). Disruption of this 221
interaction either through mutations of Rad53 FHA domains SCD - 98
(57) or mutations in the Rad9 sites that bind Rad53 FHA 7A
domains (49a) prevents activation of Rad53. Since Rad9 and SCD(7A)-Ei]--- 98

Rad53 both require Mecl for activating phosphorylations, FHA - --- 171

these results suggested that phospho-Rad9 acts as an adaptor FKBPx2
that recruits Rad53 to an activating complex containing Mccl. 2FKBP D - -- i - 761
Alternatively, it has been proposed that phosphorylated Rad9 FIG. 1. Schematic diagrams of Chk2 and Chk2 mutants. SCD,
dimer functions as a scaffold to bring Rad53 molecules into FHA, and kinase catalytic domains are marked, with amino acid co-
close proximity to each other, facilitating cross-phosphoryla- ordinates above. CAI corresponds to a spontaneous variant of CHK2
tion between Rad53 molecules and subsequent release of ac- from Li-Fraumeni syndrome, with a frameshift mutation causing
tivated Rad53 (22). readthrough into alternate reading frames as indicated. CA2, a similar

Activation of protein kinases through regulated oligomer- frameshift mutation thought to be a spontaneous variant of CHK2
from Li-Fraumcni syndrome, was found to be a polymorphism in the

ization has been demonstrated for both tyrosine kinases and homologous fragment present on chromosome 15 (53). KD is kinase
serine/threonine kinases (28, 38, 50). We report here that Chk2 defective owing to substitutions of conserved residues in the catalytic
undergoes oligomerization in response to DNA damage. This domain. RlI7A and NGT/AAA are substitutions of conserved FHA

process is mediated by the phosphorylated SCD in an activated domain residues. 7A has alanine substituted for each S or T of all seven
SQ and TO sites within the SCD. 2FKBP contains two copies of the

Chk2 molecule and the FHA domain in another Chk2 mole- FKBP mutant (F36V) fused to the amino terminus of Chk2.

cule. With limited DNA damage, oligomerization of Chk2
modulates phosphorylation and kinase activity. We propose
that Chk2 oligomerization is central to regulation of Chk2 tants were generated from pcDNA-HAChk2 by PCR-based site-directed mu-
activation, signal transduction, and signal amplification. tagenesis (63).

For expression in Escherichia coli. Chk2 sequences (Fig. 1) were cloned into
pGEX4T vectors (Amersham Pharmacia Biotech) for GST fusions and pTrcHis

MATERIALS AND METHODS vectors (Invitrogen) for His-tagged fusions. Human Cdc25C (amino acids 200 to
256) and Cdc25A (amino acids 101 to 140) were isolated by PCR from expressed

Antibodies. Rabbit polyclonal anti-Chk2 T26/S28 was a kind gift from Yi Tan sequence tag clones (GcnBank accession no. AW401554 and BE743496. respec-
(Cell Signaling Technology). This antibody recognizes Chk2 after gamma irra- tively). Two copies of the FK506-binding protein (FKBP) mutant were isolated
diation, but not when T26 and S28 have been replaced with alaninc (X. Xu and by PCR from pC4M-Fv2E (Ariad Pharmaceuticals. Inc., Cambridge. Mass.),
D. F. Stern. unpublished data). Rabbit anti-phospho-T68 was produced by im- digested with Apol and EcoRl, and subeloned into the EcoRl site of the
munization with keyhole limpet hemocyanin coupled to KSSLETVSpTQELYSI, pcDNA3xHA and pcDNA3sFlag vectors. The resulting constructs were desig-
where pT is phosphothreonine. This antibody recognizes Chk2 after gamma nated pcDNAHA2FKBP and pcDNAFIag2FKBP, respectively. Chk2 and its
irradiation, but not when T68 has been replaced with alanine (Fig. 7E and data mutants were subcloned into these vectors.
not shown). Mouse monoclonal anti-HA antibody (16B12) was purchased from Plasmid constructs were verified by sequence analysis. Primer sequences and
Covance; mouse monoclonal anti-Flag, rabbit anti-glutathione-S-transferasc detailed cloning strategies are available upon request. Wild-type and kinase-
(GST), and mouse immunoglobulin G (IgG) were purchased from Sigma; horse- defective (D2870A and N2875K, respectively) Flag,4TM constructs (8) were
radish peroxidase-conjugated mouse antihemagglutinin (HA) (12CA5) and rat kind gifts from Michael Kastan (St. Jude Children's Hospital), pGEX-Chk2(I-
anti-HA (3F10) monoclonal antibodies were from Roche; and goat anti-Chk2 222) and pGEX-Chk2(57-222) (9) were obtained from Susan Lees-Miller (Uni-
(N-17) was from Santa Cruz. Antigen-antibody complexes were recovered with versity of Calgary). pC4M-Fv2E, containing two copies of mutated FKBP, was
protein G plus protein A-agarose (CalBiochcm). Horseradish peroxidase-conju- provided by Ariad Pharmaceuticals. Inc. (Cambridge, Mass.).
gated secondary antibodies and chemiluminescence reagents were from Pierce. Recombinant proteins. Expression of GST fusions or His fusions in E. coli

Plasmids (Fig. I). A clone within the expressed sequence tag database (Gcn- strain DH5a was induced with 1 mM IPTG (isopropyl-p-D-thiogalactopyrano-
Bank accession no. AA285249) containing the entire coding sequence of Chk2 side) for 3 to 4 h at 37°C. For GST fusion proteins, cell lysates were harvested in
was obtained from Thanos D. Halazonetis (Wistar Institute). For expression in PBS (Dulbecco's phosphate-buffered saline lacking Ca

2
- and M.2-) in the

mammalian cells, Chk2-coding sequences were amplified by PCR and cloned presence of 1 mg of lysozymc and 10 U of DNasc I per ml. For His fusion
into the pcDNA3xHA-Neo and pcDNA3xFlag-Neo vectors, resulting in pcDNA- proteins, cell lysates were collected in 50 mM NaH2 PO4-300 mM NaCI-10 mM
HAChk2 and pcDNA-FlagChk2, respectively. Point and internal deletion mu- imidazole, pH 8.0. in the presence of I mg of lysozyme and 10 U of DNase I per



VOL. 22, 2002 Chk2 ACTIVATION AND OLIGOMERIZATION 4421

ml. Cell lysates then went through 10 cycles of freezing and thawing. GST and in-gel kinase assays after denaturing gel electrophoresis and
His fusion proteins were batch purified with glutathione-Sepharose beads (Am- subsequent renaturation (45). This modification, probably
ersham Pharmacia Biotech) or Ni-nitrilotriacetic acid (NTA) beads (Qiagen), phosphorylation, depends upon the Atm/Atr homolog Mecl.
respectively, according to the manufacturers' procedures. GST fusion proteins
were eluted with 50 mM Tris-10 mM glutathione, pH 8.0. His fusion proteins However, efforts to activate mammalian Chk2 in vitro by phos-
were eluted with 50 mM NaH 2PO 4-300 mM NaCI-250 mM imidazole, pH 8.0, phorylation with Atm (41) or DNA-dependent protein kinase
and then dialyzed against PBS. (DNA-PK) (X. Xu and D. F. Stern, unpublished data) have

In vitro coupled transcription-translation assays. Chk2 constructs (pcDNA been unsuccessful.
series) were used as templates for in vitro transcription-translation of Chk2 in the
absence or presence of [

3 ss]Met-Cys labeling mix (Amersham Pharmacia Bio- Chk2 produced by coupled in vitro transcription-translation
tech). Promega TNT T7 quick coupled transcription-translation reticulocyte in rabbit reticulocyte lysates migrates heterogeneously in so-
lysate system and T7 coupled transcription-translation wheat germ extract system dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
were used in a standard 50-p1l reaction according to procedures recommended by PAGE) gels (Fig. 2A, lane 1). The slower-migrating form was
the manufacturer. eliminated by phosphatase treatment (Fig. 2A, lanes 3 and 4).

Cell culture and transfection. ATM-deficient (GM5849C) simian virus 40-
transformed human fibroblasts were obtained from the Coriell Institute for Expression of the kinase-defective D347A allele in rabbit re-
Medical Research, Camden, N.J. Other cell lines were obtained from the Amer- ticulocyte lysates yielded only the hypophosphorylated form
ican Type Culture Collection. Cells were grown in Dulbecco's modified Eagle's (Fig. 2A, lane 2), indicating that autophosphorylation is re-
medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 50 U of quired for the mobility shift. Phosphorylation of immunoreac-
penicillin/ml, and 50 mg of streptomycin/ml. Transfection was performed with
Fugene 6 (Roche) at a ratio of 1 [Lg of plasmid to 2 pI. of Fugene. Stable tive T26/S28 and T68 in the SCD was evident in both wild-type
transfectants were selected in medium containing G418 (Life Technologies) at and kinase-defective Chk2 derived from rabbit reticulocyte
700 ixg/ml. Cells were treated with 1 mM hydroxyurea (Sigma) 24 h after trans- lysates (Fig. 2B, lane 12). Thus, one or more protein kinases
fection for 24 h. Cells were irradiated in a Mark I 

137
Cs irradiator (Shepherd) at that can phosphorylate Chk2 at these sites are present in the

a dose rate of 1.8 Gy/min 48 h after transfection. Cells were UV irradiated at a rabbit reticulocyte lysates. Since the kinase-defective form
dose of 50 J/m 2 with a Stratagene Cross-linker 48 h after transfection.

Immunoprecipitation and immunoblotting. Cell lysate was harvested 2 h after does not undergo an extreme mobility shift (Fig. 2A, lane 2),
irradiation or 24 h after hydroxyurea treatment in TSD buffer (20 mM Tris [pH phosphorylation at T26/$28 and/or T68 is not sufficient to
7.5], 100 mM NaCI, 0.1% sodium deoxycholate, 0.1% Triton X-100, and protease retard the mobility of Chk2.
inhibitor cocktail [Roche]). Two micrograms of antibodies was used for immu- The simplest explanation for these results is that an endog-
noprecipitation from 400 to 500 ptg of total lysate at 4°C overnight. Precipitates
were washed with TSD buffer lacking protease inhibitors. In vitro translation enous Chk2 activating kinase is present in this system, with
product was mixed with 300 pI. of NETN (20 mM Tris-HCI [pH 8.0], 0.1 M NaCI, likely candidates being endogenous PIKKs and/or Chk2 (see
1 mM EDTA, 0.5% NP-40, and protease inhibitor cocktail) for immunoprecipi- below). Preincubation of rabbit reticulocyte lysates with 1 mM
tation. Precipitates were washed with NETN buffer lacking protease inhibitors. caffeine or 5 p.M wortmannin inhibited phosphorylation at
Immunoblots on nitrocellulose were blocked with 5% nonfat milk in PBST (PBS T26/$28 and at T68 (Fig. 2B, lanes 3 and 7). At these concen-
with 0.5% Tween 20) and washed in PBST.

GST pulldown experiments. Two micrograms of soluble GST fusion proteins trations, caffeine inhibits human Atm and, partially, Atr but
and 20 pL. of glutathione-Sepharose beads were incubated with 500 pjg of total not DNA-PK, and wortmannin inhibits both Atm and
lysate in TSD buffer derived from HEK 293 cells expressing HA-tagged Chk2 DNA-PK but not Atr (48, 49). Loss of phosphorylation at these
and mutants (Fig. 6C, 7C, and 7D) or with 0.5 pjg of soluble wild-type or sites was accompanied by loss of Chk2 autophosphorylation
kinase-defective His-Flag-Chk2 in the presence of 300 pR

1 
of NETN buffer (Fig.

6A, 6B, and 8) at 4'C overnight. The beads were washed in NETN buffer lacking activity, assayed by 32p incorporation (Fig. 2B, lanes 3 and 7).
protease inhibitors. We conclude that Chk2 derived from the rabbit reticulocyte

In vitro kinase assays. Kinases (prepared as soluble GST or His fusion pro- lysates is phosphorylated by an Atm-like kinase and that this
teins, immune complexes, or GST affinity isolates) were incubated with sub- phosphorylation is required for strong Chk2 kinase activity.
strates at 30'C for 5 to 10 min in 1X kinase buffer (20 mM Tris [pH 7.5], 10 mM In contrast to material produced in rabbit reticulocyte ly-
MgCI2, 10 mM MnCI2, 1 mM dithiothreitol) supplemented with either 2 p.M
nonradioactive ATP or 2 p.M nonlabeled ATP and 10 p.Ci of [y_-

32
P]ATP sates, HA-Chk2 derived by translation in wheat germ extracts

(>5,000 Ci/mmol; AA0018, Amersham Pharmacia Biotech). was not hyperphosphorylated, lacked T26/$28 and T68 phos-
Phosphatase treatment. Immunoprecipitates of HA-Chk2 produced by trans- phorylation, and had minimal autophosphorylation activity

lation in the coupled reticulocyte lysate system were incubated with calf intestinal (Fig. 2B, lane 14, and Fig. 2C, lane 2). This system probably
phosphatase (New England Biolabs) for 1 h at 37C. Soluble wild-type His-Flag-
Chk2 (0.5 pRg) was incubated with 1,000 U of X phosphatase (New England lacks an endogenous kinase that is capable of activating mam-
Biolabs) in the presence of 2 mM MnCI2 for 1 to 2 h at 30'C in a 50-p. reaction malian Chk2. Incubation of this material in rabbit reticulocyte
volume. lysates enhanced T68 phosphorylation and Chk2 autophos-

Induced oligomerization of Chk2 chimeras. HEK 293 cells were transiently phorylation (Fig. 2C, lane 3; compare to Chk2 produced in
transfected with pcDNAHA2FKBP-Chk2 (or its kinase-defective mutant) and/or rabbit reticulocyte lysates in lane 5). To our knowledge, this is
pcDNAFIag2FKBP-Chk2 (or its kinase-defective mutant). Forty-eight hours
later, transfectants were either mock-treated with 0.1% ethanol or treated with the first mammalian cell-free system to enable catalytic activa-
a 10 nM concentration of the bivalent ligand AP20187 (Ariad Pharmaceuticals, tion of Chk2.
Inc.) for the FKBP mutant. Where indicated, transfectants were exposed to SCD is phosphorylated by Chk2. In the rabbit reticulocyte
10-Gy or 2.5-Gy gamma irradiation immediately before adding ligand. Lysates lysate system and in intact cells exposed to ionizing radiation,
were harvested between 2 and 6 h after treatment. All solutions for immuno-
precipitation, washing, and kinase assays for the AP20187-treated samples con- kinase-defective Chk2 is phosphorylated in trans at T26/$28
tained 10 p.M AP20187. and T68 (Fig. 2B and data not shown). However, the full

phosphorylation of Chk2 resulting in electrophoretic mobility
RESULTS shift requires a functional Chk2 kinase domain (Fig. 2B, lanes

2 and 12, and data not shown). This suggests that, at minimum,
Cell-free system for activation of Chk2. In S. cerevisiae, Chk2 electrophoretic mobility shift requires successive trans

DNA damage induces a stable modification of the Chk2 ho- phosphorylation and autophosphorylation. Phosphorylation of
molog Rad53 that results in elevated activity detectable by Chk2 within the activation loop of the kinase domain is re-
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FIG. 2. Cell-free phosphorylation and activation of Chk2. HA-Chk2 or kinase-defective HA-Chk2(D347A) was produced by coupled tran-
scription-translation in reticulocyte lysate (RL) or wheat germ lysate (WG) and isolated by immunoprecipitation with anti-HA. (A) Phosphory-
lation of HA-Chk2 produced in vitro. HA-Chk2 or HA-Chk2(D347A) produced in rabbit reticulocyte lysates was immunoprecipitated and detected
by immunoblotting with anti-HA. For phosphatase experiments (right lanes), immunoprecipitated HA-Chk2 was incubated in calf intestinal
phosphatase (CIP) buffer or calf intestinal phosphatase buffer plus calf intestinal phosphatase (1). HA-Chk2 produced in the reticulocyte lysate
in vitro translation system is phosphorylated. Both HA-Chk2 and HA-Chk2(D347A) were in vitro transcribed-translated in the reticulocyte lysate
with [35S]Met-Cys for labeling and precipitated with anti-HA antibody. The immunoprecipitates of HA-Chk2 were treated with alkaline phos-
phatase buffer alone or plus alkaline phosphatase at 37°C for 1 h. IP, immunoprecipitation; IB, immunoblotting: ab, antibody. (B) Chk2
phosphorylation and kinase activity. Forms of HA-Chk2 produced by cell-free transcription-translation were immunoprecipitated and incubated
with [Y_3 2P]ATP for in vitro kinase assays. Recovery of Chk2 was monitored by immunoblotting with anti-HA (bottom). Phosphorylation at T68
or T26/S28 was measured by immunoblotting with the appropriate phosphospecific antibody; in vitro kinase activity was monitored by incorpo-
ration of [_y-3 2P]ATP (top). The 3 2

p, phospho-T68, and HA panels are all from the same filter probed with anti-phospho-T68, stripped, and
reprobed with anti-HA. Phospho-T26 (phospho-T68) and S28 are from an independent blot of portions of the same samples. In lanes 2 through
8, forms of HA-Chk2 were produced in the rabbit reticulocyte lysate system after incubation of the lysate with the designated concentration of
vehicle control, caffeine, or wortmannin. Both caffeine and wortmannin inhibit Chk2 trans-phosphorylation and autophosphorylation. HA-Chk2
and its mutants were produced in either the in vitro translation wheat germ extract system or the in vitro translation reticulocyte lysate system, in
which reticulocyte lysates were either mock treated or incubated with the indicated concentrations of caffeine or wortmannin. In lanes 9, 10, and
11, in vitro kinase assays were performed on the anti-HA immunoprecipitates in the presence of [-Y_32P]ATP only (lane 9) or in the presence of
[-y- 32P]ATP and caffeine (10 mM. lane 10) or wortmannin (10 1LM, lane 11) (top panel). IP, immunoprecipitation; IB, immunoblotting: ab,
antibody. (C) Activation of Chk2 produced in wheat germ lysates. Phosphorylation of T68 and T26S28 was examined with Chk2 phospho-specific
antibodies. HA-Chk2 was produced in the in vitro translation wheat germ extract system (lanes 1 to 3) or reticulocyte lysate system (lanes 4 and
5). HA-Chk2 was then precipitated with anti-HA antibody (lanes 2, 3, and 5) or mouse IgG (lanes 1 and 4). One Chk2 precipitate from the wheat
germ extract system (lane 3) was incubated with reticulocyte lysate at 30'C for 30 min prior to the kinasc assay. All the immunocomplexes were
incubated with [.-Y32 P]ATP for in vitro kinase assays. Recovery of Chk2 was monitored by immunoblotting with anti-HA (bottom panel) or with
anti-phospho-T68 (middle panel) or by incorporation of [y-32P]ATP (top panel). IP, immunoprecipitation; IB, immunoblotting: ab, antibody.

quired for catalytic activation of Chk2 (32), and other auto- for kinase activity and domains that are subject to autophos-
phosphorylation sites may also contribute to the mobility shift. phorylation (Fig. 3). In these assays, both autophosphorylation

We analyzed a series of bacterially expressed GST-Chk2 of Chk2 and trans phosphorylation of a GST-Cdc25C substrate
alleles in order to identify domains in Chk2 that are required peptide were monitored. Both of the kinase-defective alleles,
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lB:. Ch FIG. 4. Chk2 phosphorylates the SCD in vitro. In vitro kinase as-
says were performed on soluble GST-Chk2 and mutants in the pres-

GST-Cdc25C- ence of the substrate GST-HA-SCD or GST-HA-SCD(7A) andSubstrates [Y- 32p]ATP. The top panel shows [-y-
32P]ATP incorporation into

I 2 3 4 5 6 7 8 9 10 11 12 GST-HA-SCD or GST-HA-SCD(7A). GST-HA-SCD or GST-HA-
Coomassie staining SCD(7A) (middle panel). GST-Chk2 and its mutants (bottom panel)

were detected by immunoblotting with anti-GST. IB, immunoblotting.FIG. 3. Mutations in either SCD or FHA domain impair Chk2
kinase activities. GST fusion proteins were produced in bacteria, pu-
rified on glutathione beads, and released in soluble form with reduced
glutathione. In vitro kinase assays were performed in the presence of nase activity, consistent with earlier work showing that mutations
Chk2 substrate GST-Cdc25C (amino acids 200 to 256) and in the FHA domain prevent Chk2 activation in vivo (11, 32, 62).
[y-32P]ATP. Upper panel, [-Y-32P]ATP incorporation into GST-Chk2 Ionizing radiation enhances ATM-dependent oligomeriza-
and mutants; middle panel, [-y- 32P]ATP incorporation into GST-
Cdc25C. Bottom panel, GST-Chk2 fusion proteins were quantified by tion of Chk2. A yeast two-hybrid screen with yeast Rad53 as
immunoblotting with anti-Chk2 antibody (N-17). Coomassie brilliant the bait identified Rad53 as an interacting protein (Z. Sun and
blue staining showed substrate GST-Cdc25C. IB, immunoblotting. D. F. Stern, unpublished results). Since this suggested that

Rad53 forms dimers or oligomers, we determined whether
Chk2 oligomers are produced in mammalian cells. In 293 cells
expressing Flag-Chk2 and HA-Chk2, the tagged proteins co-

GST-Chk2(D347A) and GST-Chk2(D368A), lacked kinase ac- immunoprecipitated, and the coimmunoprecipitation was en-
tivity in this assay. Within the SCD, the T68A substitution hanced by exposure to ionizing radiation (Fig. 5A and 5B). In
slightly reduced autophosphorylation and Cdc25C trans-phos- ATM-deficient fibroblasts originating in a patient with ataxia-
phorylation activity. A more substantial decrease was observed telangiectasia, enhancement of Chk2 oligomerization after
with GST-Chk2(7A), in which all seven SQ/TQ sites within the gamma irradiation occurred with coexpression of wild-type
SCD were replaced with AQ. Deletion of the entire SCD Atm but not kinase-defective Atm (Fig. 5B). The higher base-
(GST-Chk2-ASCD) eliminated autophosphorylation, but only line oligomerization compared to that in Fig. 5A probably
moderately diminished Cdc25 peptide phosphorylation. Simi- reflects higher total expression of Chk2 with transient expres-
lar results were observed with Chk2 and Chk2 mutants pro- sion of both tagged proteins. These results demonstrated that
duced in the rabbit reticulocyte lysate system (data not shown). at least two Chk2 molecules are components of an oligomer in
These data indicate that the SCD is required for maximal Chk2 vivo, that oligomerization is enhanced in response to DNA
kinase activity. damage, and that this enhancement is ATM dependent. Thus,

The stronger effects on autophosphorylation than on trans Chk2 oligomerization may be a regulated process that is linked
phosphorylation suggested that the SCD contains Chk2 auto- to Chk2 activation.
phosphorylation sites, including T68. Potential phosphoryla- Direct interactions of Chk2. Coimmunoprecipitation of two
tion sites within the SCD include the seven SQ/TO sites, as tagged Chk2 molecules may occur if they form homodimers or
well as an additional 17 serines and 4 threonines. GST-Chk2 participate in a larger complex containing additional proteins.
phosphorylated GST-SCD (Fig. 4, lane 3) and SCD(7A), lack- Bacterially expressed GST-Chk2 and kinase-defective GST-
ing the SQ/TQ sites, to a lesser extent (Fig. 4, lane 5), but not Chk2(D347A) interacted with His-Flag-Chk2 and His-Flag-
GST (data not shown). A GST fusion protein of the Chk2 Chk2(D347A) in GST pulldown experiments even though no
FHA domain was not phosphorylated (data not shown). other eukaryotic proteins were present (Fig. 6A and 6B). How-
Hence, the SCD is evidently a target for Chk2 autophosphor- ever, His-Flag-Chk2(D347A) does not interact well with GST-
ylation. Chk2(D347A) (Fig. 6B). Hence, Chk2 homomers can form,

FHA domain is required for autophosphorylation of Chk2. provided that at least one molecule has catalytic activity.
FHA domains are phosphopeptide-binding modules (18, 19, 36, We next determined if bacterially produced GST-Chk2 or
37, 55, 57). Deletion of the core FHA domain of Chk2 resulted in kinase-defective GST-Chk2(D347A) would pull down HA-
a significantly lower autokinase activity and diminished trans- tagged Chk2 stably expressed in 293 cells. Both GST-Chk2 and
kinase activity (Fig. 3, lane 5). Similarly, triple mutation of the GST-Chk2(D347A) preferentially bound to HA-Chk2 after
conserved FHA domain residues NGT (GST-Chk2-NGT) abro- gamma irradiation (Fig. 6C). Similar results were obtained
gated kinase activity (Fig. 3, lane 6). However, substitution of with both GST pulldown and coimmunoprecipitation of wild-
conserved R117 did not affect kinase activity. Similar results were type and kinase-effective Chk2 in the rabbit reticulocyte lysate
obtained in the rabbit reticulocyte lysate system (data not shown). system (data not shown). In these experiments, with Chk2
These data suggested that the FHA domain regulates Chk2 ki- produced in bacteria, rabbit reticulocyte lysates, or in mamma-
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We note that, at most, heterooligomers potentially represent onlyA one-third of the total oligomerized Chk2 molecules (homooli-
4 gomers of HA-tagged or Flag-tagged Chk2 or heterooligomers of

E ." HA-tagged and Flag-tagged Chk2). Deletion of the FHA domain
0 M > = virtually eliminated coimmunoprecipitation of Chk2 molecules.
Z 0 D Z Phosphorylation at T68 is induced by Atm and possibly Atr

after DNA damage and is required for quantitative activation
Blot: HA .. of Chk2 by ionizing radiation (1, 42, 64). Substitution of T68

with alanine only slightly reduced oligomerization both before
and after gamma irradiation (Fig. 7A). Point substitution of

E other SQ/TQ sites (S19, T26/$28, $33/$35, and S50) did not
O •significantly affect oligomerization (data not shown). However,

o E mutation of all seven SQ/TQ sites, including T68, within the
E +

Z 0 c > SCD significantly diminished coimmunoprecipitation (Fig.IP Ab to lgG Flag Flag Flag Flag Flag 7A). This suggests that Chk2 oligomerization involves one or
more intact SQ/TQ sites within the SCD, but we cannot rule

Blot: HA -, * out a global structural effect of multiple substitutions. Deletion
and substitution mutants of bacterially produced GST-Chk2
fusion proteins were used to determine the minimal fragment

B of Chk2 required for binding wild-type Chk2 produced in ir-

Vector + radiated 293 cells (Fig. 7C). GST-HA-FHA was sufficient to
ATM - + + preferentially bind wild-type Chk2 after DNA damage.
ATM KD - - - + + Since coimmunoprecipitation of two tagged Chk2 molecules
HA-Chk2 + + + + + required both the FHA domain and phosphorylation within
Flag-Chk2 + + + + + the SCD, and since GST-FHA is sufficient to isolate Chk2 after
Gamma - - + - + DNA damage, we hypothesized that oligomerization of Chk2 is

IP: HA mediated by FHA/phospho-SCD interactions. Consistent with
lB: Flag this hypothesis, GST-HA-FHA failed to pull down HA-

IP: Flag Chk2ASCD in 293 cells after gamma irradiation. GST-HA-
lB: Flag FHA did bind to HA-Chk2-SCD(7A) expressed in 293 cells

after gamma irradiation (Fig. 7D), perhaps reflecting Chk2
IP: HA autophosphorylation at non-SQ/TQ sites within the SCD (Fig.
IB: HA 4).

IP: IgG If an FHA domain in one Chk2 molecule associates with the

FIG. 5. Chk2 oligomerization. (A) 293 cells stably expressing Flag- phospho-SCD in another Chk2 molecule, then it should be
Chk2 were transiently transfected with HA-Chk2. Transfectants were possible to form a heterodimer containing one molecule with
treated with 1 mM hydroxyurea for 24 h, beginning 24 h after trans- an intact phospho-SCD but deleted FHA domain, and another
fection, or exposed to gamma irradiation (20 Gy) or UV (50 J/m2) 48 h with a deleted SCD but intact FHA domain. Indeed, Flag-
after transfection. Cell lysates were harvested 24 h after hydroxyurea Chk2ASCD coimmunoprecipitated with HA-Chk2-AFHA, and
treatment or 2 h after irradiation. Upper panel, expression and mo-
bility shift of HA-Chk2 were determined by immunoblotting lysates the association was enhanced by ionizing radiation (Fig. 7B).
with anti-HA antibody. Lower panel, coimmunoprecipitation with an- Chk2 oligomerization is phosphorylation dependent. In or-
ti-Flag antibody was performed with equal portions of cell lysates and der to directly test the significance of phosphorylation on the
detected with anti-HA. (B) ATM-dependent increase in Chk2 coim- putative FHA/phospho-SCD interaction, we determined whether
munoprecipitation. GM5849C ataxia-telangiectasia cells werc tran-
siently transfected with HA-Chk2 and Flag-Chk2, plus vector the interaction is affected by phosphatase treatment. The ability
(pcDNA3), wild-type Flag-ATM, or kinase-defective Flag-ATMkd. of bacterially expressed GST-Chk2(D347A) to pull down bacte-
Transfectants were exposed to 20 Gy of gamma irradiation 48 h after rially produced His-Flag-Chk2 (Fig. 8A) was prevented by prior
transfection. Cell lysates were harvested 2 h after irradiation. Equal dephosphorylation of His-Flag-Chk2 with X phosphatase (Fig.
amounts of lysates were immunoprecipitated with anti-HA (top and 8B). Similar results were obtained with the GST-FHA domain
bottom panels) or anti-Flag (middle panel) antibodies. Precipitates
were blotted for Flag-Chk2 (top two panels) or HA-Chk2 (bottom rather than full-length Chk2 as a pulldown reagent (Fig. 8B). In
panel). IP, immunoprecipitation; IB, immunoblotting; Ab, antibody. order to verify that this binding is mediated by the FHA domain

rather than other sequences present in the fusion protein, we used
GST fusion proteins containing and lacking the FHA domain and

lian cells, kinase-defective Chk2 associated more strongly with also GSTI-22INGT, with alanine substitutions in a tripeptide
Chk2 than did wild-type Chk2 (Fig. 6A and B and data not important for FHA function. GST-Chk2 fusion proteins contain-
shown), ing an intact FHA domain strongly bound to His-Flag-Chk2 but

Chk2 oligomerization requires SCD and FHA domains. Do- not His-Flag-Chk2(D347A). However, GSTI-221NGT did not
mains required for Chk2 oligomerization were localized by mu- bind (Fig. 8C).
tational analysis. We first mapped the Chk2-interacting do- trans phosphorylation in the Chk2-Chk2 complex in vitro. An
main(s) by coimmunoprecipitation from 293 cells transiently important function of Chk2 oligomerization may be that it
expressing various forms of HA-tagged and Flag-tagged Chk2. enables cross-phosphorylation of Chk2 molecules, which in
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FIG. 6. Oligomerization of Chk2 produced in bacteria and 293 cells. (A) Bacterial expression. GST fusion protein pulldown experiment with
bacterially produced soluble GST-HA-FHA, GST-Chk2, or kinase-defective GST-Chk2(D347A) incubated with His-Flag-Chk2. The pulldowns
were blotted for wild-type His-Flag-Chk2 with anti-Flag antibody (top panel) and for total input of GST fusions with anti-GST antibodies (bottom
panel). Images of different-sized GST fusion proteins in the bottom panel were cropped from one autoradiograph and aligned with one another
to save space. (B) Phosphorylation of Chk2D347A by Chk2. Soluble GST-Chk2D347A produced in bacteria was used to pull down soluble
His-Flag-Chk2 (lanes 4, 5, and 6) or kinase-defective His-Flag-Chk2(D347A) (lane 3). The affinity complexes were incubated in 1X kinase buffer
in the absence (lane 5) or in the presence (lane 6) of ATP. Chk2 phosphorylation was evaluated by immunoblotting with anti-phospho-T68.
GST-Chk2D347A is significantly larger than His-Flag-Chk2. (C) Mammalian expression. 293 cells stably expressing HA-Chk2 were exposed to 20
Gy of Igamma irradiation. Cell lysates were harvested 2 h after irradiation. Lysates were normalized for protein concentration and used for
pulldown with GST-Chk2 and its mutants. The GST pulldowns were blotted for HA-Chk2 with anti-HA antibody and for GST fusion protein with
anti-Chk2 antibodies (N-17). Different sizes of GST fusions on the bottom panel were cropped and realigned from a single autoradiograph. IP,
immunoprecipitation; IB, immunoblotting.

turn enhances Chk2 activation. Hence, we determined whether (54). The synthetic ligand AP20187 binds with subnanomolar
Chk2 could cross-phosphorylate a kinase-defective Chk2 mol- affinity to FKBPs with a single amino acid substitution, F36V
ecule in a heterodimer. In vitro kinase assays with bacterially (Fv), while binding with 1,000-fold lower affinity to the wild-
produced GST-Chk2(D347A) and His-Flag-Chk2 revealed type protein (14). Introduction of the FKBP (F36V) module
that cross-phosphorylation of kinase-defective GST- into a heterologous protein allows ligand-dependent homo-

Chk2(D347A) by His-Flag-Chk2 at least occurs at T68 (Fig. and heterodimerization of the target proteins.
6B)., We introduced two tandem FKBP(F36V) modules into the

Forced oligomerization of Chk2. We examined the func- amino terminus of wild-type or kinase-defective Chk2 (Fig. 1).
tional consequences of Chk2 oligomerization in vivo by the When HEK 293 cells were cotransfected with both HA- and
regulated induction of dimerization. This system is based on Flag-tagged 2FKBP-Chk2, approximately one-third of Flag-
the fact that the immunosuppressive drugs FK506 and rapa- tagged 2FKBP-Chk2 coimmunoprecipitated with HA-tagged
mycin bind with high affinity to the cellular receptor FKBP12, 2FKBP-Chk2 2 h after addition of the synthetic ligand (Fig.
which is an abundant, cytoplasmic 108-amino-acid protein 9A). (Note that heterooligomerization between HA-tagged
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FIG. 7. Chk2 oligomerization domains. (A) Requirements for oligomerization in 293 cells. HA-tagged and Flag-tagged versions of individual
Chk2 mutants were expressed by transient transfection in 293 cells. Transfectants were exposed to 20 Gy of gamma irradiation 48 h after
transfection. Cell lysates were harvested 2 h after irradiation, and equal amounts were used for immunoprecipitation with anti-HA antibody or
anti-Flag antibody as indicated and immunoblotted with anti-Flag (top panel) or anti-HA (bottom panel). Because homologous immunoprecipi-
tations (e.g., IP anti-Flag, blot anti-Flag) were more efficient than heterologous coimmunoprecipitations (e.g., IP anti-Flag, blot anti-HA), only a
one-fifth equivalent of homologous immunoprecipitation samples was analyzed relative to the cross-immunoprecipitation samples. (B) Oligomer-
ization of FHA domain and SCD in vivo. Performed as in A except that Flag-tagged and HA-tagged Chk2 molecules were evaluated in the pairwise
combinations listed at left. (C) GST-FHA binds to activated Chk2. Various Chk2-GST fusion proteins expressed in bacteria were used to isolate
HA-Chk2 stably expressed in 293 cells. Experiments were performed as described in the legend to A. Equal portions of lysate from nonirradiated
and irradiated cells were incubated with GST-Chk2 or its mutants. Pulldowns were blotted for HA-Chk2 with anti-HA antibody and for input of
GST fusion protein with anti-GST antibodies. Different sizes of GST fusions on the bottom panel were cropped and realigned from one
autoradiograph. Total lysate used for anti-HA immunoprecipitation was one-fifth of that for the GST pulldown. (D) Bacterially produced FHA
domain of Chk2 binds to SCD in HA-Chk2 and its mutants expressed in 293 cells after gamma irradiation. The strategy described for Fig. 6C was
used. Only one representative immunoblot for input of GST fusions (bottom panel) is shown. Different sizes of GST fusions on the bottom panel
were cropped from one autoradiograph. (E) T68 phosphorylation of Chk2 and its mutants in vivo. Cells were handled essentially as described in
A. Cell lysates were immunoprecipitated with anti-HA and detected by immunoblotting with anti-phospho-T68 or anti-HA. IP, immunoprecipi-
tation; IB, immunoblotting; Ab, antibody.

and Flag-tagged 2FKBP-Chk2 potentially represents only one- lation of wild-type Chk2 (Fig. 9B), reinforcing the conclusion

third of the total amount of oligomerized 2FKBP-Chk2.) Li- that oligomerization facilitates Chk2 phosphorylation.

gand-induced oligomerization of Chk2 was significantly higher Surprisingly, kinase-defective Chk2 also showed greater T68

than that induced by ionizing irradiation (Fig. 9A). Induced phosphorylation in the presence of ligand (Fig. 9B). Possible

oligomerization in vivo significantly increased T68 phosphory- explanations include trans autophosphorylation in an oli-
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gomnerized complex, in which kinase-defective Chk2 may asso- independent of Chk2 kinase activity. T68 phosphorylation in

ciate with and be phosphorylated by the endogenous wild-type the ligand-induced oligomerized Chk2 immune complex was
Chk2. Alternatively, the oligomerized Chk2 complex preferen- associated with increased Chk2 autokinase activity (Fig. 9C).
tilaly binds to and is phosphorylated by ATM/ATR kinases However, this phosphorylation did not increase Chk2 trans
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€ phosphorylation of the Cdc25A polypeptide substrate (Fig. phosphorylation (M. F. Schwartz and D. F. Stern, submitted
9C), nor was it associated with measurable effects on cell cycle for publication). Since Mecl is required for Rad53 activation
regulation or p53 stability (data not shown). and Rad53 has a cluster of potential PIKK phosphorylation

When Chk2 oligomerization was induced by ligand after sites similar to the Chk2 SCD, known to be a target for mam-
exposure to a low dose of ionizing irradiation (2.5 Gy), both malian PIKKs, the relocalization of Rad53 mediated by FHA
Chk2 auto- and trans-kinase activities increased (Fig. 9C) to domains may be important for connecting Rad53 with the
levels comparable to that induced by 10-Gy irradiation (data upstream activating PIKK Mecl. Another model, which is not
not shown). This suggests that oligomerization plus a second incompatible with the first, is that dimerization of Rad53
DNA damage-dependent event, such as priming phosphoryla- through binding to dimeric Rad9 promotes Rad53 cross-phos-
tion by ATM/ATR kinases, association with soluble activating phorylation and activation (22).
or target proteins, or appropriate geometry of Chk2 oligomers No mammalian Rad9 ortholog has been identified, nor has
induced by association with scaffolding molecules, is required the binding partner for the Chk2 FHA domain. However,
for Chk2 activation and checkpoint pathway regulation. mutational analysis of Chk2 reveals the same dependencies of

Chk2 function on the FHA domain (11, 32, 62), so that the

same mechanisms probably operate in mammalian cells. With
DNA damage, the initial function for the FHA domain will be

We show here that Chk2 itself can phosphorylate Chk2 at coupling of Chk2 to upstream regulatory pathways, by bringing

T68 and other sites. Since T68 has already been identified as a Chk2 to Atm/Atr and/or by adaptor- or scaffold-dependent

trans-regulatory site, the Chk2-dependent phosphorylation of activation. Our findings suggest that the FHA domain is re-

Chk2 has important implications for Chk2 regulation. Chk2 quired for an additional process involving intra- and/or inter-

forms homomeric complexes in which the Chk2 FHA domain molecular binding of the FHA domain to one or more phos-

interacts with a second phosphorylated molecule of Chk2. Ar- phorylated sites within Chk2.

tificial dimerization of Chk2 in vivo concomitant with limited Similar to the Rad53 FHA domains, the Chk2 FHA domain

DNA damage augments Chk2 kinase activity. Finally, we pro- is required for its PIKK-dependent phosphorylation. Point mu-

vide evidence that Chk2 participates in DNA damage-depen- tation (R145W) (33, 62) or deletion mutation (21 and 42

dent oligomeric complexes in vivo that have the same domain amino acids surrounding R145) (33) of the FHA domain abol-

requirements as Chk2 homomers. These data suggest that the ished T68 phosphorylation. This suggests that the FHA do-

regulation of Chk2 by trans and autophosphorylation is more main couples Chk2 to an Atm- or Atr-activated complex. Nev-

complicated than hitherto appreciated and involves a cascade ertheless, we observed that deletion of the core FHA domain

of phosphorylation events that lead to the production of Chk2 (amino acids 115 to 175) of Chk2 spared T68 phosphorylation

homomeric complexes. after gamma irradiation (Fig. 7E) and binding to the bacteri-

FHA domains are phosphopeptide interaction domains (18, ally produced FHA domain (Fig. 7D, second panel). This sug-

19, 36, 37,55, 57). The Chk2 FHA domain is required for DNA gests that an additional mechanism of T68 phosphorylation

damage-dependent Chk2 activation (11, 32, 62), and FHA bypassing the requirement for the Chk2 FHA domain can

domain mutations have been identified in alleles of Chk2 as- operate under some circumstances.
sociated with variant TP53+'1 Li-Fraumeni syndrome (5, 58) T68 is phosphorylated during damage-dependent activation
and a variety of tumors (27, 44). In the budding yeast DNA of Chk2 in vivo and is likely to be a target for both Atm and Atr
damage response, Rad53 FHA domains are required for DNA (1, 41, 42, 64). Phosphorylation at T68 is permissive for further

damage-dependent phosphorylation and activation of Rad53, Chk2 autophosphorylation at two sites in the activation loop,
which also requires the Atr homolog Mecl and/or Tell (20, 47, which is thought to be required for full activation of Chk2 (33).
56, 57). A current model is that Mecl is localized to sites of The mechanism by which T68 phosphorylation promotes Chk2
DNA damage and subsequently recruits and phosphorylates a activation has not been determined. It may promote allosteric
second protein, Rad9, which is also required for damage-de- changes that are permissive for activation loop phosphoryla-
pendent activation of Rad53 (20, 47, 56, 57). Rad53 is recruited tion or may regulate intra- or intermolecular Chk2 interac-
to the complex through interactions between Rad53 FHA do- tions. Our finding that deletion of the FHA domain impairs the
mains and Rad9 phosphopeptides created by Mecl-mediated kinase activity of bacterially produced Chk2 suggests that this

FIG. 8. Phosphorylation-dependent oligomerization of Chk2. (A) Bacterially expressed His-Flag-Chk2 was incubated in the absence (lanes 3
and 5) or presence (lanes 4 and 6) of X phosphatase and either blotted directly with anti-phospho-T68 or anti-Flag (lanes 5 and 6) or pulled down
with either GST or GST-Chk2(D347A) expressed in bacteria (lanes 1, 2, 3, and 4). Affinity-purified Chk2 was detected by blotting with anti-Flag,
and the loading of GST proteins was monitored with anti-GST. (B) Phosphorylation-dependent binding of the Chk2 FHA domain. Bacterially
expressed His-Flag-Chk2 or His-Flag-Chk2(D347A) was incubated in the absence (lanes 5, 6, and 11) or presence (lanes 7, 8, and 12) of X
phosphatase and immunoblotted with anti-Flag or anti-phospho-T68 (lanes 9, 10, 11, and 12). Bacterially produced GST or GST-HA-FHA was
used to pull down additional portions of phosphatase-treated or nontreated kinase-defective His-Flag-Chk2(D347A) or His-Flag-Chk2. Wild-type
and kinase-defective His-Flag-Chk2 were detected with anti-Flag antibody (upper panel), for input of GST-HA-FHA with anti-HA antibody
(second panel) and for GST with anti-GST antibody (lower panel). (C) Effect of FHA domain mutations on binding to His-Flag-Chk2. GST fusion
proteins expressed in bacteria were used to pull down bacterially produced wild-type and kinase-defective His-Flag-Chk2. His-Flag-tagged Chk2
was detected with anti-Flag antibody, and GST fusions were detected with anti-GST. Differently sized GST fusion proteins on the bottom panel
were cropped and realigned from one autoradiograph. IP, immunoprecipitation; IB, immunoblotting.
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domain has a positive regulatory influence. However, we can-
not rule out the possibility that this is a result of nonspecific
effects on Chk2 folding.

A •An important implication of the finding that Chk2 can phos-
8 : • 8 2 phorylate itself at a known regulatory site is that phospho-

B Fa Chk2 may be able to activate other molecules of Chk2. In thisscenario, DNA damage-dependent activation of PIKKs would
IB: HA result in phosphorylation of Chk2 at T68 and other SQ/TQ

P< < <to sites within the SCD (1, 41, 42, 64). Phosphorylation of T68
would enable Chk2 autophosphorylation at the activation loop
(32) and additional sites within the SCD. Nonphosphorylated

HA2FKBP-Chk2 HA2FKBP-Chk2(D347A) Chk2 molecules would then be recruited and activated through
B = = FHA-SCD interactions and cross-phosphorylation. Hence, af-

8 ,, ,8 ter priming phosphorylation by PIKKs, additional molecules
S< < - could be activated independent of PIKK activity, thereby latch-

IB: pT68 o: ... " .1 4", 4 HA2FKBP-Chk2 or ing on Chk2 activation. This model is consistent with the in-

IB: HA ý., -.. -Chk2(D347A) triguing finding that Rad9 can activate Rad53 in an ATP-

P Ab to ~ < < < < < < < < dependent manner in the absence of Mecl (22). Scaffolding of
a Rad53 dimer by Rad9 could promote priming activation of

Rad53, which could then activate additional molecules of
Rad53. The catalytic function of Rad53 would be the source of
the ATP dependence of the activation.

The ability of the Chk2 FHA domain to bind phospho-SCD
suggests that FHA/phospho-SCD interactions may be impor-

C tant in intra- or intermolecular regulation of Chk2. Phosphor-
HA2FKBP-Chk2 HA2FKBPChk2(D347A) ylation of the Chk2 SCD may enable an intramolecular inter-

action with the FHA domain that would either disturb a basal

S¶ 8 " occupation of the kinase domain by the FHA domain or induce
IB H < < H F or a structural change in the kinase domain, which is directlyHA2FKBP-Chk2 or

4B: HA -Chk2(D347A) adjacent to the FHA domain. Alternatively, FHA/phospho-

P HA2FKBPChk2 or SCD interactions may enable recruitment of a second mole-
-Chk2(D347A) cule of Chk2 through its FHA domain to a complex, thereby

IP Ab to • < < < < < < < < facilitating catalytic activation through cross-phosphorylation.
In other signaling systems involving phosphopeptide binding

'21'GST-DC25A interactions, dynamic changes in association and localization
of signaling proteins are mediated by a cascade of phos-

GST-CDC25A phopeptide/binding domain interactions. STATs are recruited

Coomassie staining to activated receptor tyrosine kinases by interaction of their
SH2 domains with phosphopeptides on the phosphorylated

FIG. 9. Forced oligomerization and Chk2 activation. (A) AP20187 receptors. Once recruited, the receptors phosphorylate the
induced Chk2 oligomerization in vivo. HEK 293 cells were transiently
cotransfected with both HA- and Flag-tagged 2FKBP-Chk2. Transfec- STATs, creating new STAT SH2 binding sites on the STATs
(ants were either mock treated, treated with 10 jiM AP20187, or themselves. An exchange of STAT-SH2/phosphoreceptor in-
irradiated with 10 Gy of gamma irradiation 48 h after transfection. teractions with STAT-SH2/phospho-STAT interactions is an
Lysates were harvested 2 It after treatment and used for immunopre- important step in releasing STATs from the sites of activation
cipitation followed by immunoblotting. (B) Induced oligomerization at the cell surface for transit to the nucleus, where they fune-
resulted in T68 phosphorylation. Performed as in A, except that only
HA-tagged wild-type or kinase-defective 2FKBP-Chk2 was transiently tion as transcription factors (4, 13, 17).
expressed. Lysates were harvested at each time point as indicated after Similarly, the R-Smad MH2 domain, a phosphoserine-bind-
treatment and used for immunoprecipitation with anti-HA antibody ing motif structurally related to FHA domains, binds to phos-
followed by immunoblotting for anti-phospho-T68 (top panel) or an- phopeptides on the TGF-[3-activated TGF-13 type I receptor.
ti-HA (bottom panel, duplicate blot) antibodies. (C) Induced oli-
gomerization after exposure to low-dose ionizing irradiation activated Phosphorylation at the C-terminal serine residues of R-Smad
Chk2. Performed as in B, except that the dose of - irradiation was 2.5 by TGF-3 type I receptor promotes homooligomerization by
Gy and AP20187 was added to one set of 293 cells immediately after binding to the MH2 domain of the second R-Smad molecule
exposure to 2.5 Gy of irradiation. Immunocomplexes were incubated and then dissociation from TGF-P3 type I receptor (46, 51, 61).
with [_y-32P]ATP in the presence of bacterially produced GST-Cdc25A It is noteworthy that unphosphorylatable co-Smad Smad4 com-
(amino acids 101 to 140). Recovery of Chk2 was monitored by immu-
noblotting with anti-HA (top panel) or incorporation of [-_-2P]ATP petes with a phospho-R-Smad homooligomeric complex to
(second panel). Recovery of GST-Cdc25A was detected by incorpora- form a more stable Smad4/phospho-R-Smad heterooligomeric
tion of [-Y- 32 p]ATP (third panel) or Coomassie staining (bottom pan- complex (46, 61).
el). IP, immunoprecipitation: IB, immunoblotting: Ab, antibody. The ability of the Chk2 FHA domain to bind phospho-Chk2 as

well as the likelihood that it binds to putative upstream activating
proteins suggest a similar series of phosphopeptide binding site
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